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ABSTRACT
Rizzo, Eric. Tripartite relationships: a model system for the study of plant-mycorrhizal
fungus-aphid interactions. Unpublished Master of Science Thesis, University of
Northern Colorado, 2017.

Arbuscular mycorrhizal fungi (AMF) are obligate biotrophs known for forming
mutualistic associations with over 80% of terrestrial plant species. Plants forming
symbiosis with AMF, in general, exhibit enhanced nutritional status as well as abiotic and
biotic stress tolerance. In addition, plants benefit from mycorrhiza-induced resistance
(MIR), which “primes” plant defenses, enabling a faster and stronger response against
subsequent attacks by pathogens and insect herbivores. Nevertheless, MIR against insect
herbivores is primarily dependent on the feeding guild of the attacking insect. Herbivory
by leaf-chewing insects and generalist species on mycorrhizal plants often results in
decreased insect weight gain and reproductive rates, whereas the effect of AM symbiosis
on the performance of phloem-feeding insects such as aphids is variable. The present
study addresses the effects of simultaneous herbivory by the potato aphid (Macrosiphum
euphorbiae) and root colonization by the AM fungus Glomus intraradices on potato
(Solanum tuberosum) gene expression and physiology. The objectives of this study were
to: 1) determine whether an optimal level of AM fungus colonization exists that triggers
changes in gene expression leading to MIR against potato aphids, 2) profile the early
changes in gene expression during tripartite potato aphid-potato-AM fungus interactions,
and 3) analyze the effect of the tripartite interaction on plant physiology and potato aphid
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fitness. To assess objectives 1 and 2, a three-way interaction experiment that included
two mycorrhizal stages was carried out to measure changes in gene expression at 24
hours of aphid feeding. Additionally, the differential effects of aphid herbivory and AM
fungus colonization were compared between local, aphid-infested leaves and systemic
(non-infested) leaves of the same plant. To assess objective 3, a three-way interaction
experiment was conducted to determine the impact of 7 and 14 days of aphid infestation
and an established AM symbiosis on photosynthetic rate, chlorophyll content, and water
status, with a focus on the differential effects on physiology between locally infested and
systemic non-infested leaves. The results indicate that after 24 hours of aphid feeding, the
leaves of aphid-infested non-mycorrhizal plants showed higher expression of the
jasmonic acid (JA) transcription factor MYC2 gene compared to non-infested plants with
a high level of AM fungus colonization. In potato roots, 24 hours of aphid herbivory
resulted in decreased expression of the ethylene response sensor 1 (ERS1) gene in aphidinfested non-mycorrhizal and aphid-infested low-colonized plants compared to noninfested high-colonized plants. Aphid number and weight increased on high-colonized
plants compared to their non-mycorrhizal counterparts. Shoot tissue of mycorrhizal plants
contained higher levels of phosphorous than non-mycorrhizal plants. After 14 days of
aphid herbivory, non-infested mycorrhizal plants showed increased shoot fresh weight
compared to aphid-infested and non-infested non-mycorrhizal plants. Photosynthetic
rates increased in non-infested mycorrhizal plants compared to aphid-infested nonmycorrhizal plants. Additionally, photosynthetic rates increased in undamaged leaves on
aphid-infested mycorrhizal plants compared to aphid-damaged leaves of the same plant.
Additionally, aphid herbivory increased chlorophyll content in the leaves of non-infested

iv

mycorrhizal plants compared to non-infested non-mycorrhizal plants. Across all
mycorrhizal and non-mycorrhizal plants, aphid herbivory decreased the chlorophyll
content of aphid-damaged leaves compared to undamaged leaves of the same plant.
Overall, these results reveal enhanced performance of aphids on mycorrhizal plants,
likely resulting from the enhanced nutritional status of mycorrhizal plants compared to
non-mycorrhizal plants. While aphid herbivory and low levels of AMF colonization
increased the expression of the MYC2 gene, further research into the timing of defenserelated gene expression may yield a more complete picture of the effects of both species.
Further, the enhanced photosynthetic rates observed in mycorrhizal plants may indicate
the first steps toward the enhanced tolerance of mycorrhizal plants against aphid
herbivory. The results from this research serve as foundation for a thorough
characterization of the interactions between herbivorous pests, beneficial AMF, and the
agriculturally important crop species, the potato.
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CHAPTER I
LITERATURE REVIEW
Aims
Arbuscular mycorrhizal fungi (AMF) are obligate biotrophs known to form
symbiotic relationships with most terrestrial plant species. Plant root associations with
AMF found in soil aid in the acquisition of nutrients through the AM symbiosis pathway,
wherein fungal hyphae increase the rate and effective range of nutrient acquisition,
primarily phosphorous, contributing to superior plant growth. Recent findings have
revealed that plants also benefit from a phenomenon known as mycorrhiza-induced
resistance (MIR), in which mycorrhizal plants are more tolerant to attacks by pathogens
and some insects than their non-mycorrhizal counterparts. While most phytophagous
insects studied so far appear to be negatively affected when feeding on mycorrhizal
plants, the impact of plant-AMF associations on phloem-feeding insects like aphids is
less clear. In an effort to evaluate an understudied tripartite interaction involving potato
(Solanum tuberosum), potato aphids (Macrosiphum euphorbiae) and AMF (Glomus
intraradices), we established three objectives with four related hypotheses for
experimental examination:
Objective 1

H1

Determine whether an optimal level of AM fungus colonization
exists that triggers changes in gene expression leading to MIR
against potato aphids.
Aphid fitness will be negatively impacted after feeding on highlycolonized mycorrhizal plants.
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Objective 2

H2

Objective 3

Profile the early changes in gene expression during tripartite potato
aphid-potato-AM fungus interactions.
Defense-related genes will be highly induced in aphid-infested
mycorrhizal plants at high levels of AM fungus colonization.
Analyze the effect of the tripartite interaction on plant physiology
and potato aphid fitness.

H3

Mycorrhizal plants will display enhanced tolerance to the stress
induced by potato aphid herbivory.

H4

Aphid fitness will be negatively impacted after feeding on highlycolonized mycorrhizal plants

To assess objectives 1 and 2, a three-way interaction experiment including two
mycorrhizal stages was conducted to compare the expression of defense-related genes at
24 hours of continuous aphid feeding. Six treatment of seven biological replicates (one
biological replicate = one plant) were tested: (1) +PA (PA-infested)/developing
symbiosis (20-55% root length colonized); (2) +PA/established symbiosis (≥ 60% root
length colonized); (3) +PA/non-mycorrhizal (mock-inoculated); (4) -PA (noninfested)/developing symbiosis; (5) -PA/established symbiosis; and (6) -PA/nonmycorrhizal. Additionally, the differential effects of aphid herbivory and mycorrhizal
colonization were compared between local, aphid-infested leaves and systemic (noninfested) leaves of the same plant. To assess objective 3, a three-way interaction
experiment was conducted to gauge the impact of combined aphid-infestation and
established mycorrhizal colonization on the physiological metrics of photosynthetic rate,
chlorophyll content, and water status, with a focus on the differential effects on
physiology between locally infested and systemic leaves. Four treatments of seven
biological replicates were tested at 7 and 14 days of aphid feeding: +PA/+AMF (PA-
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infested, mycorrhizal), +PA/-AMF (PA-infested, non-mycorrhizal), -PA/+AMF (Noninfested, mycorrhizal), -PA/-AMF (Non-infested, non-mycorrhizal). Through the use of a
combined gene expression and physiological approach, we believe a robust model system
for the study of plant-AM fungus-insect interactions can be assembled utilizing
agriculturally important crops along with the pests and symbiotic fungi that colonize
them.
Plant Defenses
The mutualistic associations between plants and fungi of the phylum
Glomeromycota have played a major role in the development and evolution of terrestrial
plants for over 400 million years (Smith and Read 2010), possibly aiding in the initial
colonization of the inhospitable Ordovician terrain following the transition of aquatic
plants to terrestrial ecosystems (Kenrick and Crane 1997). Today, between 80-90% of
terrestrial plant species are known to form symbioses with mycorrhizal fungi, and of
these, the majority are formed with the Glomeromycota (Wang and Qiu 2006, Smith and
Read 2008). These species of obligate biotrophs are referred to as the arbuscular
mycorrhizal fungi (AMF) due to their formation of intracellular, tree-like structures
called arbuscules. Characteristic of all AM symbioses, these arbuscules form directly
within the root cortex of the host plant, and are thought to be the site of reciprocal
nutrient exchange between the AM fungus and its host (Johnson et al. 2001, Smith and
Read 2010). The intimate nature of this symbiosis necessitates thorough and rapid
adaptation of the fungus to the host plant’s inducible defensive systems, which brandish a
vast and complex array of defensive strategies not entirely dissimilar to the immune
system of animals (Ausubel 2005). These defense responses can take the form of broad-
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spectrum resistance or highly specific tailored responses to attackers. To grasp the ability
of AMF to circumvent these systems, we must first investigate the specifics of inducible
plant defenses.
Induced plant defensive responses to herbivory have been documented in well
over 100 plant species of many genera (Karban and Baldwin 2007). Inducible plant
defenses against pathogens and herbivores rely on the ability of the plant to quickly
recognize and respond to alien organisms. As opposed to constitutive or preexisting
defenses, inducible defenses can be energetically costly, and are therefore activated only
under attack by pathogens or insect herbivores (Koornneef and Pieterse 2008).
Recognition of non-self organisms occurs via the distinguishing of microbe or pathogenassociated molecular patterns (MAMPs, PAMPs), most commonly membrane-bound
macromolecules that are highly conserved among pathogenic microbes (Ausubel 2005,
Jones and Dangl 2006, Boller and He 2009, Thomma et al. 2011). Pattern recognition
receptors (PRRs) subsequently identify these PAMPs, inducing host responses via the
movement of several species of small, signal transducing molecules capable of
coordinating the expression of defensive compound-encoding genes (Thomma et al.
2011, Jung et al. 2012). Key among these are the phytohormones jasmonic acid (JA),
salicylic acid (SA), abscisic acid (ABA), and ethylene (ET) (Pieterse et al. 2009). Though
induction of a single hormone-signaling pathway may prevail within a challenged cell,
these pathways often act simultaneously via numerous regulatory interactions throughout
the plant. This allows the production of a specific blend of alarm signals, or signal
signature, and the further coordination of defense responses tailored to the specific needs
of the signaling tissue (Koornneef and Pieterse 2008).
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The specific phytohormone pathway induced is dependent on the stimulus
received. The JA-regulated genes allene oxide synthase (AOS), 12-oxyphytodienoate 3
reductase (OPR3), lipoxygenase (LOX), JA methyl transferase (JMT), and proteinase
inhibitor II (PI-II) all show strong upregulation in response to severe tissue damage
(Kunkel and Brooks 2002, Lee and Howe 2003, Farmaki et al. 2007, Musetti et al. 2013),
while responses to pathogenic attack have been shown to induce SA-regulated genes,
including beta-1,3-glucanase (BGL). (Mauch and Staehelin 1989). This distinction
between primary phytohormone mediators in response to distinct invasion modalities
generally produces a mutually antagonistic relationship between JA and SA-mediated
defenses (Kessler and Baldwin 2002, Glazebrook 2005, Thomma et al. 2011). However,
plants commonly deal with simultaneous invasion by multiple distinct attackers, often
resulting in a shift of the primary induced defense response (Van der Putten et al. 2001,
Bezemer and van Dam 2005, Stout et al. 2006). In order to efficiently adapt to a shifting
composition of invaders, signaling pathways engage in cross-talk, or highly interactive
complex networks (Bostock 2005). This signaling cross talk allows for flexibility,
efficiency, and highly specific responses to invasion (Reymond and Farmer 1998,
Pieterse et al. 2001, Bostock 2005). ET-regulated genes are commonly associated with
herbivory, though ET/SA cross-talk has been implicated in pathogen resistance following
phloem-feeder infestation (Anstead et al. 2010). Aphid-induced increases in ET levels
have been shown to contribute to the priming of SA-mediated defenses, effectively
enhancing the resistance of the host plant to certain microbes that may have been
introduced during previous aphid infestation (De Vos et al. 2006). The protein encoded
by the JA transcription factor MYC2 has also been shown to function as an important
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signaling node, allowing for the integration of JA, ABA, and ET signals into more finelytuned defensive responses (Lorenzo et al. 2003, Anderson et al. 2004).
Though highly adaptive, plant defenses are strongly subjected to coevolution with
the invasive microbes they act against. While recognition of PAMPs can lead to PAMPtriggered immunity (PTI), many microbes evolve PTI-suppressing effector proteins,
allowing the pathogen to colonize the host plant (Thomma et al. 2011). In response, plant
intracellular proteins may adapt to recognize pathogen effectors, resulting in effectortriggered immunity (ETI), which has been shown to act faster and last longer than PTI
responses (Jones and Dangl 2006, Boller and He 2009, Thomma et al. 2011). As obligate
biotrophs, AMF trigger plant defense responses early in the initial piercing of the host
plant root (Paszkowski 2006), and must rapidly cope with the aforementioned defensive
systems before establishing root colonization.
Plant-Arbuscular Mycorrhizal Fungi
Interactions
Root colonization by AMF begins with the recognition of plant root exudates by
fungal spores in the rhizosphere, particularly by the presence of strigolactones, a common
germination stimulant and chemoattractant to several parasitic plant species (Akiyama et
al. 2005, Besserer et al. 2006). During the initial colonization of plant roots by AMF,
PAMP recognition results in the activation of the SA-dependent pathway (Glazebrook
2005). Identifying the exact molecular actions undertaken by the fungus at this point in
the symbiosis represents an ongoing challenge in the field of plant physiology, though
adjustments to the relative abundance of JA, SA, ET, and ABA strongly suggest
advanced transcriptional augmentation of the host plant by the fungus (Hause et al.
2007). Thus begins a finely regulated communication between both members of the
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symbiosis, enabling the fungus to bypass the host plant’s pathogen-oriented defense
responses, while simultaneously granting the host some level of control over fungal
proliferation (Paszkowski 2006, Hause et al. 2007, Requena et al. 2007, Genre et al.
2008). To ensure the success of the AM symbiosis, the fungus is believed to modulate the
plant defense response by initiating regulation of the oxylipin pathway (López-Ráez et al.
2010). Oxylipins, including JA, are a class of biologically active lipid metabolites that
serve as signaling molecules in the regulation of both developmental processes and
defensive reactions (Howe and Jander 2008). The resultant enhanced release of
jasmonates takes advantage of the mutually antagonistic nature of the JA and SA
pathways, leading to the downregulation of SA within the plant, and the continued
stability of the AM relationship is ensured beyond the primary stages of root colonization
(Requena et al. 2007, Koornneef and Pieterse 2008).
Though exceedingly intricate in its formation, AM symbiosis often confers
considerable advantages to both members of the mutualism. Foremost among these is the
extension of fungal extraradical hyphae, increasing the distance and rate of nutrient
uptake for the plant by expanding away from the nutrient depletion zone and increasing
the plant’s access to the primary inorganic nutrients phosphorous and nitrogen (Smith et
al. 2011). In exchange for these inorganic nutrients, the AM fungus receives organic
products of photosynthesis from the host plant (Johnson et al. 2001, Smith and Smith
2011). Mycorrhizal plants in most cases display improved growth and yield relative to
their nonmycorrhizal counterparts, primarily attributed to this enhanced nutrient status
(Johnson et al. 2001, Bennett et al. 2005). Continued study has additionally uncovered
enhanced tolerance of mycorrhizal plants to many abiotic stresses, including drought,
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salinity, and high soil heavy metal content (Miransari 2010, Smith et al. 2010).
Additionally, recent evidence supports the heightened resistance of mycorrhizal plants to
below-ground pathogens, nematodes, and root-chewing insects, as well as above-ground
shoot pathogens and leaf-chewing insects. (Azcón-Aguilar and Barea 1997, Whipps
2004, Pozo and Azcón-Aguilar 2007, Koricheva et al. 2009, Campos-Soriano et al.
2012).
The growing list of enhanced resistances of mycorrhizal plants indicates the
presence of cryptic beneficial factors acting in concert with the improved nutritional
status of the plant host (Fritz et al. 2006, Liu et al. 2007). It is believed that the massive
physiological shift induced within the host by AM formation augments the plant’s ability
to tolerate biotic and abiotic stress via the induction of a phenomenon known as
“defensive priming” (Pozo and Azcón-Aguilar 2007, Smith et al. 2011). The initial
stimulation of the plant immune response by the induction of fungus colonization
elevates the plant into a “primed” state, in which subsequent attack by pathogens or
insect herbivores is met by a more rapid and efficient activation of plant defenses (Pozo
and Azcón-Aguilar 2007). This primed state is associated with the accumulation of
defense-related regulatory molecules within the plant tissues, including elevated levels of
transcription factors and MAP kinases (Pozo et al. 2008). This defensive priming is
believed to be the foundation of “Mycorrhizal-Induced Resistance” (MIR), contributing
to the enhanced tolerance of mycorrhizal plants to multiple biotic and abiotic stressors.
While enhanced resistance has been repeatedly observed in mycorrhizal systems,
it is important to note that the AM symbiosis exists along a mutualism-parasitism
continuum (Johnson et al. 1997, Neuhauser and Fargione 2004). Due to the continuous
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exchange of plant photosynthates for fungal nutrients irrespective of environmental
conditions, the cost-benefit relationships among AMF and their host plants are highly
complex (Shah et al. 2012). Under specific conditions, almost 50% of plant carbohydrate
production may be allocated to its mycorrhizal symbionts (Fogel and Hunt 1983, Harris
and Paul 1987). It is therefore beneficial to study this dynamic relationship from an
inclusive perspective more closely indicative of the composite systems existing in nature.
Plant-Aphid Interactions
The influence of AM symbioses and the possible existence of MIR to phloemfeeding insects has proven challenging to quantify, and assuredly so, as the relationship
between phloem-feeders and their host plants is all-but straightforward. Phloem-feeding
herbivores of the order Hemiptera, such as aphids and whiteflies, utilize modified
mouthparts called stylets to feed directly from phloem sieve elements. As a direct result
of this intrusive feeding mechanism, aphids account for the transmission of nearly 50% of
insect-vectored viruses (Ng and Perry 2004). The aphid stylet pathway is almost wholly
intracellular, producing minimal damage to mesophyll and parenchyma cells in their
search for sieve elements (Stewart et al. 2016). The eventual penetration of sieve
elements results in nearly imperceptible changes in turgor pressure within the host plants
vasculature, minimally inducing the JA-response common to leaf-chewing herbivory.
More commonly, aphid feeding activates SA responses that mirror the same pathogenrecognition responses induced by pathogens and AM fungus colonization (Moran and
Thompson 2001, Moran et al. 2002). Further research has found that aphids cause a more
rapid increase in SA levels when feeding specifically on aphid-resistant plants (Walling
2008), indicating some level of aphid detection by the host plant.
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The genotype specificity of such findings implies that the existence of MIR
against aphids may require consideration on a system-by-system basis. In fact, the
generalist/specialist classification of many aphid species is further complicated by the
presence of seasonal host-alternations within 10% of aphid species, the rapid generation
of flexible-host biotypes in many species, and the cyclically-parthenogenic lifestyle
dominating the superfamily Aphidoidea (Moran 1988, Smith 2006, Peccoud et al. 2010).
Nonetheless, studies uncovering the hallmarks of aphid recognition by host plants have
worked toward increasing our understanding of the complex aphid-plant relationship.
Increased activity of SA pathway-mediated pathogenesis-related (PR) proteins was
observed in aphid-resistant wheat (Triticum aestivum) following infestation with the
Russian wheat aphid (Diuraphis noxia) (Kombrink and Somssich 1997, Moloi and Van
der Westhuizen 2008). However, the relation between SA-regulated defensive genes and
aphid resistance remains ambiguous, as increased expression of SA-mediated defensive
genes has also been observed in aphid-susceptible plants (Zhu-Salzman et al. 2004, Divol
et al. 2005). In some cases, induction of the SA pathway has resulted in enhanced feeding
of aphids (Kersch-Becker and Thaler 2014). While the biochemical component of aphid
tolerance remains an area of intensive study, recent research has sought to further expand
upon the influence of AM symbioses on aphid tolerance of host plants.
Tripartite Aphid-Plant-Arbuscular Mycorrhizal Fungi
Interactions
From a bottom-up perspective, enhanced tolerance against above- and belowground pathogens has been continuously reported in AM plants (Pozo et al. 2002, Harrier
and Watson 2004, López-Ráez et al. 2011), while heightened tolerance of insect
herbivory appears dependent on the feeding guild of the attacking insect (Koricheva et al.
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2009). Herbivory by leaf-chewing insects produces extensive damage to shoot tissue and
quickly activates JA-dependent defensive mechanisms, and the presence of an AM
symbiosis yields an overall negative effect on leaf-chewing insect survival and fecundity
(Gange and West 1994, Howe and Jander 2008). Generalist insect herbivores are
fundamentally more susceptible to plant defenses and are therefore adversely affected by
the presence of AM mutualism, while the increased nutritional quality of AM plants
appears to positively impact highly specialized chewing insects that are more likely to
have accumulated adaptations to their host plant immune responses (Gange and West
1994, Gehring and Bennett 2009b, Hartley and Gange 2009). In the case of phloemfeeding insects like aphids, the effect of AM symbioses appears to range from neutral to
beneficial, regardless of species-host specialization level (Gange and West 1994, Gehring
and Bennett 2009b, Hartley and Gange 2009). In fact, past studies have shown a higher
incidence of phloem-feeding insects on mycorrhizal plants and overall positively affected
life-history traits (Gange et al. 1999). It is likely that phloem-sucking insects elude
detection by plant immune systems due to the minimal tissue damage produced during
feeding (Walling 2008).
Just as the net outcome of plant-aphid interactions are highly species-specific, so
are be the effects of MIR on aphids (Roger et al. 2013). Contrary to the bulk of the
literature, studies exist in which negative impacts of AM symbioses on phloem feeders
have been observed. In one example, aphid population growth rates were found to be
significantly reduced on mycorrhizal plants of the grass Phleum pratense than controls,
while higher tolerance to aphid feeding was observed in plants inoculated with the AM
fungus G. mosseae compared to both control and G. intraradices-inoculated plants
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(Hempel et al. 2009). It has previously been shown that inoculation by different AMF
species can result in differential effects on nutrient acquisition and plant biomass (Van
der Heijden et al. 1998), outlining the likely possibility that bottom-up effects on phloemfeeders will follow a similar species-specific trend. While the contributions of the SA
pathway to aphid resistance are ambiguous (Stewart et al. 2016), the possibility of
defensive priming would otherwise be considered objectively high, in view of the parallel
activation of SA-mediated defenses by both aphids and AMF (Moran and Thompson
2001, Moran et al. 2002). Additionally, while the expression of defensive-genes related to
the SA, ET, and ABA phytohormone pathways are similarly upregulated under
independent aphid-herbivory or early AMF colonization, the progression of AMF
colonization throughout the host plant’s roots leads to a reduction in the expression of
these same genes as the symbiosis stabilizes (Fig. 1). The effect on defensive-gene
expression under simultaneous aphid-herbivory and AMF colonization are
consequentially dependent on the timing of aphid infestation relative to the extent of
AMF colonization, resulting in a far less predictable expression profile. Certainly, AMenhanced productivity and regrowth capacity may contribute enough of a fitness benefit
to outweigh the negative impacts of aphid infestation (Hoffmann et al. 2011), yet it exists
enough of a gap in the understanding of AMF-plant biochemical interactions to warrant
the continued investigation of interactions within new systems and between new species.
Bottom-up effects resulting from the production of secondary metabolites may be
species-specific, and it is possible that aphids are sensitive to phenolic compounds in
phloem, which may be synthesized at higher rates in AM plants (Zhu and Yao 2004,
Bezemer and van Dam 2005, Hempel et al. 2009). Additionally, the indirect effects of
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mycorrhizal colonization on the promotion of third trophic level parasitoids, enemies of
aphids, may be dependent on fungal species (Hempel et al. 2009). It has been shown that
mycorrhizal tomato plants (Lycopersicum esculentum Miller) were more attractive to
parasitoids than their non-mycorrhizal counterparts (Guerrieri et al. 2004), likely
stemming from an altered Volatile Organic Compound (VOC) composition in the AM
plants. While VOCs act as beacons to migrating insect herbivores, the specific VOC
profile emitted can alter significantly following insect attack (Bruce et al. 2005, Dicke et
al. 2009, Unsicker et al. 2009, Pareja et al. 2012). This shift in VOC profile can
subsequently deter other herbivores while attracting natural enemies like parasitoids
(Turlings et al. 1995, Dicke et al. 2009). Indeed, mycorrhizal colonization has been
shown to alter the type and quantity of VOCs emitted by their host plant (Nemec and
Lund 1990, Fontana et al. 2009, Babikova et al. 2014), though the direct impact on
parasitoid attraction is pointedly understudied.
Top-down effects of aphid infestation on mycorrhizal colonization are similarly
problematic to quantify. Insect herbivores have demonstrated positive impacts on AM
colonization (Wamberg et al. 2003, Currie et al. 2006), as well as overall negative
impacts (Gange et al. 2002, Wearn and Gange 2007, Babikova et al. 2014). To the best of
our knowledge, few studies have examined the top-down impacts of aphid herbivory on
AM fungus colonization. Babikova et al. (2014) found that pea aphids (Acyrthosiphon
pisum) inhibited the formation of AM symbioses in the broad bean (Vicia faba).
However, it is likely that top-down effects of aphids on AM fungus colonization, as well
as bottom-up effects of AMF on aphid performance are both highly dependent on a broad
range of variables, including the species involved, the extent of fungal colonization, as
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well as the timing and severity of aphid infestation (Babikova et al. 2013, Babikova et al.
2014, Wang et al. 2015, Tomczak and Müller 2017).

Figure 1. Expected differential changes in plant gene expression of defense-related genes
in response to aphid herbivory versus AMF colonization. Genes are organized by related
pathway, and pathway positioning is not related to the chronological order of
transcription. Jasmonic acid (JA)-related genes include the JA transcription factor MYC2
and allene-oxide cyclase (AOC1). Salicylic acid (SA)-related genes include β-1,3glucanase (BGL) and phenylalanine ammonia lyase (PAL). Ethylene (ET)-related genes
include 1-aminocyclopropane-1-carboxylic acid oxidase (ACO1). Abscisic acid (ABA)related genes include proteinase inhibitor II (PI-II). Arrows above pathways indicate
changes to pathway-related defense gene expression induced by aphid herbivory. Arrows
below pathways indicate changes induced by AM colonization. Green arrows indicate
upregulation relative to uninfested non-mycorrhizal control. Red arrows indicate
downregulation. Consecutive arrows indicate early vs. late changes as AMF colonization
stabilizes. Absence of arrows indicates absence of expected changes to gene expression.

Significance
The ubiquitous symbiotic association of AMF and terrestrial plant roots is widely
accepted to enhance plant nutrient status, biomass, competitive ability, and both biotic
and abiotic stress tolerance (Smith and David 1997, Smith et al. 2011, Smith and Smith
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2011). However, impacts on both members of the symbiosis are highly contextdependent, relying heavily on the species involved, timing of AM symbiosis and aphid
attack, as well as the biotic and abiotic factors of the system (Johnson et al. 1997,
Hoeksema et al. 2010, Tomczak and Müller 2017). Typically, the influence of AM
symbiosis on phytophagous insects is highly dependent on insect feeding mode (Wearn
and Gange 2007, Koricheva et al. 2009). The influence of AM symbiosis on aphids,
while widely found to be beneficial (Gange and West 1994, Gehring and Bennett 2009b,
Hartley and Gange 2009), has also exhibited effects ranging from neutral to negative, and
is likely also species-specific (Hempel et al. 2009). With such a wide range of observed
effects, it follows that a broadening of the number and types of systems investigated
would benefit the study of mycorrhizal associations.
Though studies on plant-AMF interactions in agriculturally important crop
species exist, a gap in knowledge remains for several high-profile crops. Excluding sweet
potatoes, potatoes (Solanum tuberosum) are the leading vegetable crop in the United
States, and the fourth-most-consumed crop in the world (ERS 2016). In 2013, the world
production of potatoes exceeded 350 million metric tons (FAOSTAT 2014), with almost
20 million metric tons produced by the United States alone (NASS 2014). With the recent
sequencing of the potato genome (Potato Genome Sequencing Consortium, 2011), we
now have the ability to track changes in gene expression in response to biotic and abiotic
stressors. This development allows for a greater understanding of the physiological
effects of the pests and pathogens that commonly decrease crop yields, including the
potato aphid (Macrosiphum euphorbiae), a key vector in the spread of potato leaf roll
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virus (Ng and Perry 2004), which is responsible for an annual global yield loss of 18
million metric tons (Wales et al. 2008).
Sustaining the yields necessary to meet heightened agricultural demands in the
United States is a driving factor in the use of synthetic pesticides in the agricultural
industry. The Environmental Protection Agency’s market estimates for United States
insecticide use in 2007 reported over $4 billion in spending on insecticides alone, with
total usage adding up to 42 million kilograms (Grube et al. 2011). Though widely used,
insecticides have been strongly linked to chronic side effects in humans like cancer,
adverse reproductive outcomes, congenital malformations, and delayed neuropathy
(Moses 1989, Garcia-Repetto et al. 1998). To date, aphids are most commonly controlled
through the use of synthetic pesticides. Aphids undergo parthenogenic reproduction,
enabling unparalleled fecundity and dispersal ability (Simon et al. 2002), and reducing
the overall effectiveness of organic control methods. While in moderate use today,
attempted biocontrol via parasitoids demands both a seasonal invasion of species-specific
parasitoids and a sizeable preexisting aphid population, making it an unlikely alternative
to pesticides (Murdoch et al. 2006). There is increasing demand for alternatives to
synthetic pesticides in the organic and traditional agricultural industries, and MIR could
potentially represent one method for safe and effective pest management.
The possibility of using mycorrhizal fungi as crop protectants against soil-borne
pathogens has been proposed as an alternative to chemical fertilizers and pesticides
(Harrier and Watson 2004). Currently, there remain discrepancies in our knowledge of
how MIR impacts phloem-feeding herbivores. New molecular and physiological
techniques have arisen that may expand upon past studies and aid in the analysis of plant-
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aphid-AM fungus interactions. Beginning to tease apart the multifaceted relationships
between potato and its common pests and fungal symbionts will aid in broadening our
understanding of inducible biotic and abiotic stress resistance in an agriculturally
significant crop species, while simultaneously establishing a novel model system through
which to study the intricacies of tripartite associations.
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CHAPTER II
EARLY CHANGES IN POTATO GENE EXPRESSION DURING TRIPARTITE
INTERACTIONS WITH POTATO APHIDS AND ARBUSCULAR
MYCORRHIZAL FUNGI
Abstract
The majority of terrestrial plant species form root symbioses with arbuscular
mycorrhizal (AM) fungi found in soils. Mycorrhizal plants benefit from the mutualism by
acquiring nutrients such as phosphate, and in some instances also show enhanced
tolerance to biotic stress. Recent data show that mycorrhiza-induced resistance (MIR)
‘primes’ plant defenses against future attack by pathogens and insects. While MIR
against leaf-chewing insects has garnered substantial support, the impact of AM
symbiosis on phloem-feeding insects such as aphids is less clear. In this study, we assess
the impact of two levels of Glomus intraradices root colonization combined with potato
aphid (Macrosiphum euphorbiae) herbivory on potato (Solanum tuberosum) gene
expression, focusing on nine genes involved in phytohormone biosynthesis and defense
responses. The results indicated that the mycorrhizal status did not significantly impact
plant growth or potato aphid population or body weight. Aphid herbivory itself produced
the strongest impact on plant gene expression irrespective of mycorrhizal status. The
leaves of aphid-infested non-mycorrhizal plants and aphid-infested low-colonized plants
exhibited significant upregulation of the JA-regulated transcription factor MYC2 gene in
potato shoots relative to non-infested non-mycorrhizal plants. Additionally,
downregulation of the ERS1 gene was recorded in the roots of aphid-infested non-
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mycorrhizal and non-infested low-colonized plants relative to non-infested nonmycorrhizal plants. Overall, our research reveals that subtle changes in gene expression
are occurring in potato leaves and roots during simultaneous AM symbiosis and potato
aphid herbivory for one day.
Introduction
The vast majority of vascular plants are known to form symbiotic associations
with fungi of the order Glomeromycota, which comprises arbuscular mycorrhizal fungi
(AMF) (Smith and Read 2010). Named for the intracellular tree-shaped structures called
‘arbuscules’, these obligate biotrophs colonize the inner root cortex of host plants, where
they facilitate the delivery of nutrients to the plant in exchange for photosynthates
(Johnson et al. 1997, Smith and Read 2010). The spread of fungal extra-radical hyphae
improves nutrient uptake, primarily of phosphorous and nitrogen, from areas outside the
nutrient depletion zone surrounding roots, while the host plant can donate up to 50% of
its photosynthetic products to the fungus (Johnson et al. 1997, Johnson et al. 2001, Ortas
2012). This improved nutrient uptake via the AM symbiosis pathway help most plants
accumulate more shoot biomass compared to non-mycorrhizal plants (Johnson et al.
2001, Bennett et al. 2005). In addition, enhanced resistance to pathogens and insect
herbivores both above- and below-ground has been reported (Azcón-Aguilar and Barea
1997, Whipps 2004, Koricheva et al. 2009, Campos-Soriano et al. 2012). While the
enhanced nutritional status of mycorrhizal plants may sufficiently explain low levels of
conferred pest tolerance, recent data on tripartite interactions suggest that mycorrhizainduced resistance (MIR) may also boost the plant’s immune system (Pozo and AzcónAguilar 2007, Smith and Smith 2011, Jung et al. 2012). As currently understood, the
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initial stimulation of the host-plant defensive responses following AM fungus penetration
of root cells contributes to a defensively “primed” state within the plant, wherein
subsequent attacks by pathogens or insect herbivores are met with a more efficient
activation of plant defenses (Pozo and Azcón-Aguilar 2007, Jung et al. 2012). However,
research has established that the general extent of MIR against arthropod herbivores is
highly dependent upon the level of specialization and the feeding modality of the
attacking insect (Koricheva et al. 2009).
Traditionally, herbivory by generalist and leaf-chewing insects face an enhanced
defensive response in mycorrhizal plants, culminating in overall negative impacts on the
attacking insect (Gange and West 1994). On the other hand, herbivory of mycorrhizal
plants by specialists and phloem-feeding insects have proven more challenging to
interpret. While specialist insects likely benefit from advanced adaptation to their host
plant’s immune response, phloem-feeding insects like aphids may bypass detection
entirely via the minimal infliction of tissue damage (Walling 2008). Previous studies
have found that the indirect impact of mycorrhizal fungus colonization on aphids has
ranged from neutral to beneficial (Gange and West 1994, Gange et al. 1999, Hartley and
Gange 2009), and evidence from choice experiments have shown an overall feeding
preference for mycorrhizal plants (Babikova et al. 2014). However, negative impacts on
aphid population growth have been reported (Gehring and Whitham 1994, Hempel et al.
2009, Babikova et al. 2014), and while the enhanced regrowth capacity of mycorrhizal
plants may confer a sufficient fitness benefit so as to alleviate the effects of severe aphid
infestation (Hoffmann et al. 2011), the possibility of a genetic component to aphid
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recognition and subsequent feeding tolerance in mycorrhizal plants cannot be overlooked
(Hempel et al. 2009, Pozo et al. 2010).
Insect- and pathogen-induced responses result in changes in gene expression that
are exceedingly complex (Glazebrook 1999), and reliant on several independent, yet
highly interconnected biochemical pathways (Titarenko et al. 1997, Pieterse et al. 2001,
Pieterse et al. 2009). Specific defense responses to aphids are regulated by signaling
pathways facilitated by two key phytohormones: salicylic acid (SA) in the case of host
resistance (R) protein direct recognition of herbivore-derived proteins (Flor 1971,
Pieterse et al. 2012); and jasmonic acid (JA) responses in the event of physical damage
(Pieterse et al. 2012). Commonly, aphid feeding results in the upregulation of salicylic
acid (SA)-mediated responses, leading to the induction of pathogenesis-related (PR)
genes like β-1,3-glucanase (BGL2), which can subsequently break down cellular
components of pathogens or aid in further responsive signaling (Moran and Thompson
2001, Morkunas and Gabryś 2011). JA-mediated defenses are typically induced by
chewing insects (Kessler and Baldwin 2002, Pieterse et al. 2012), though Arabidopsis
mutants with enhanced JA responses have shown marked negative impacts on the
phloem-feeding whitefly Bemisia tabaci (Zarate et al. 2007). Additionally, cross-talk
between JA and SA signaling pathways has been reported, resulting in the existence of
multiple levels of antagonism between SA- and JA-dependent responses (Pieterse et al.
2012). Mediation of this cross-talk has been linked to the JA-regulated transcription
factor MYC2, which is additionally required for microbe induced systemic resistance
(Kazan and Manners 2013, Kroes et al. 2014). MYC2 gene expression which leads to
activation of defenses genes has also been implicated in the decreased palatability of
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plants to leaf-chewing herbivores via the suppression of the ethylene response factor
(ERF) branch of the JA signaling pathway (Verhage et al. 2011). Of additional interest to
plant defense responses are the ethylene (ET) and abscisic acid (ABA) pathways. ETdependent responses primarily modulate host plant sensitivity to secondary signals, and
often require the concurrent induction of JA (Von Dahl and Baldwin 2007). On the other
hand, ABA has been implicated in plant responses to drought and salt stress (Zeevaart
and Creelman 1988), and appears to act antagonistically to the SA response pathway by
inhibiting SA-mediated pathogen responses under water-stressed conditions (Thaler and
Bostock 2004).
The case of simultaneous aphid-infestation and AMF colonization presents a
wholly understudied arena of plant immune responses. While the initial colonization of
host plant roots by AMF triggers SA-regulated defense responses (García‐Garrido and
Ocampo 2002), this effect is transient, and is likely subject to active suppression by the
fungus (Campos‐Soriano et al. 2010). As a whole, plant protection by AMF is commonly
attributed to a combination of simultaneously acting mechanisms whose contributions are
dependent on environmental, temporal, and genotypic conditions (Azcón-Aguilar and
Barea 1997, Whipps 2004). Disentangling the individual contributions of these
mechanisms has been historically difficult to achieve. Indeed, some notions regarding the
levels of AMF colonization required for increased pathogen and insect herbivore
tolerance require further investigation. It is believed that a well-established AM
symbiosis is required for MIR to occur (Slezack et al. 2000, Pozo and Azcón-Aguilar
2007), though to date, few studies have focused on the impact of mycorrhizal stage on the
performance of aphids. Recently, Tomczak and Muller (2017) found that aphid
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performance changed depending on AM developmental stage and plant age, with overall
reduced aphid body mass and reproductive performance on older plants with an
established AM symbiosis.
In this study, we aimed to discern the concurrent mechanisms impacting potato
aphid (PAs, Macrosiphum euphorbiae) resistance in potato (Solanum tuberosum) plants
inoculated with the AM fungus Glomus intraradices by assessing the following
objectives:
Objective 1

H1

Objective 2

H2

Determine whether an optimal level of AM fungus colonization
exists that triggers changes in gene expression leading to MIR
against potato aphids.
Aphid fitness will be negatively impacted after feeding on highlycolonized mycorrhizal plants.
Profile the early changes in gene expression during tripartite potato
aphid-potato-AM fungus interactions.
Defense-related genes will be highly induced in aphid-infested
mycorrhizal plants at high levels of AM fungus colonization.
Methods and Materials

Plant Growth Conditions
Potato (Solanum tuberosum cv Désirée) was in vitro propagated by using nodal
cuttings that were placed in culture tubes containing Murashige and Skoog (MS) medium
supplemented with sucrose (20 g L-1) and phytagel (3 g L-1), at pH = 5.7. Plantlets were
grown in an incubator at 22°C and 16 h: 8 h, light: dark cycle for six weeks prior to
transplanting into 15mL plastic pots (6.4 cm H x 6.4 cm W x 8.9 cm D) filled with
autoclaved 9:1 sand : soil substrate. Plants were covered with a plastic humidity dome
(54.6 cm H x 28 cm W x 17.8 cm D) for one week, and were placed on insulated padding
on ventilated shelves in the laboratory in order to reduce heat transfer from lighting above
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and below growth areas. Plants were grown between 23-24°C under a 16 h photoperiod at
light quanta of 200-230 µmol m-2 s-1 of photosynthetically active radiation (PAR). Soil
substrates were prepared by filtering topsoil (Pioneer Sand Company, Windsor, CO)
using a #8 followed by a #16 sieve (W.S. Tyler, Mentor, Ohio, USA) to remove large
rocks and organic matter before autoclaving three times (121°C, 15 PSI, 1 h). Mason
sand (Pioneer Sand Company) was thoroughly rinsed with deionized water until rinse
water ran clear, and was autoclaved once (121°C, 15 PSI, 1 h). Mixed sand-topsoil
substrate was tested for dissolved nutrients, pH, salt content, and organic matter before
and after autoclaving to assess the impact of autoclaving (Table 1). All tests verified the
nutrient deficiencies required for mycorrhizal symbiosis, particularly low phosphate
levels. After transplant to substrate, plants received 35mL ½ strength modified
Hoagland’s solution with reduced P (100 µM P) twice per week. On all days without
fertilizer, plants were watered consistently with tap water.

Table 1. Substrate nutrient content, pH, salinity, and organic matter before and after
autoclaving.
Pre-autoclave
Post-autoclave
3.5
3.5
Nitrate (ppm)
11
4
Phosphorous (ppm)
22
20
Potassium (ppm)
410
439
Calcium (ppm)
14
14
Sulfate (ppm)
1.1
0.9
Zinc (ppm)
pH

7.47

7.18

Salts (mmhos/cm)

0.45

0.33

Organic Matter (%)

0.2

0.1
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Root Inoculation with Glomus intraradices
After a one-week acclimation period of plants to the new substrate, a group of
plants were inoculated with a more concentrated G. intraradices inoculum (1:10), and
another group of plants received a more diluted G. intraradices inoculum (1:25) to obtain
two levels of AM fungus root colonization, ‘high’ and ‘low’, respectively. The
concentrated inoculum was prepared by mixing one part soil inoculum composed of a
mixed-strain of G. intraradices with nine parts of autoclaved soil substrate (9: 1, sand:
topsoil). The diluted inoculum was prepared by mixing one part soil inoculum with 24
parts of autoclaved soil substrate. Non-mycorrhizal plants received a 1:25 dilution of
‘mock’ soil inoculum devoid of G. intraradices. Seventeen plants were inoculated with
each AM fungus inoculum which included 14 biological replicates total (each plant was
considered a replicate), and three extra inoculated plants per inoculum to assess the root
colonization levels prior to adding aphids. Both G. intraradices and ‘mock’ inocula were
purchased from Dr. Joe Morton (International Culture Collection of (Vesicular)
Arbuscular Mycorrhizal Fungi, INVAM). Plants were grown for an additional five weeks
until AM fungus root colonization levels of extra plants reached at least 20% root length
colonized (RLC) for ’low’ and 60% RLC for ’high’. Colonization level was assessed by
clearing random subsamples of root tissue in 10% (w/v) KOH at 85°C for 5 h, rinsing in
deionized water, incubating in 5% (v/v) glacial acetic acid at room temperature for 10
min, incubating in a 5% (v/v) Shaeffer® black Skrip® ink (A.T. Cross Company,
Providence, RI, USA) staining solution prepared in 5% (v/v) glacial acetic acid, and
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excess ink was rinsed out in deionized water. G. intraradices root colonization was
quantified via the gridline-intersection method (McGonigle et al. 1990).
Shoot Infestation with Potato Aphids
Potato aphids (PAs, Macrosiphum euphorbiae) obtained from Dr. Fiona Goggin
(University of Arkansas) were reared on broad bean (Vicia faba) in BugDorm-2120
insect rearing tents, kept at 23-24°C under a 16h: 8h (light: dark) cycle at light quanta of
200-230 µMol/m2s1 of PAR, and fertilized with 35 mL Miracle-Gro water soluble allpurpose plant food (Scotts, Marysville, OH, USA) twice per week. To ensure insects of
the same age, aphids were synchronized three weeks prior to placement on experimental
plants by removal and transplant of 20 one-day-old nymphs onto non-infested two-week
old fava plants. When mycorrhizal plants reached the target AM fungus colonization
levels (20-55% RLC for ‘low’; ≥60% RLC for ‘high’), all plants were moved to the
greenhouse under a 16h: 8h light: dark cycle at 24°C. Plants were placed into BugDorm2120 insect rearing tents (MegaView Science Co., Ltd., Taichung, Taiwan) in groups of
seven replicates for each of the six experimental treatments: (1) +PA (PAinfested)/+AMF (low); (2) +PA/+AMF (high); (3) +PA/NM (non-mycorrhizal); (4) -PA
/+AMF (low); (5) -PA/+AMF (high); and (6) -PA/NM. Plants were allowed a one-week
acclimation to greenhouse conditions and tents prior to the addition of aphids. For all
potato aphid-infested plants (+PA), four apterous potato aphid adults were placed on the
terminal leaflet of the fourth fully-expanded leaf counting from the shoot apex, with the
leaf enclosed in an organza drawstring bag (10 x 15 cm) and sealed at the petiole. These
aphid-infested leaves represent our damaged leaves (DL). The same leaf on all noninfested plants (-PA) was similarly bagged for gene expression analysis of undamaged
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leaves (L). Insects were allowed to feed and reproduce continuously for one day and 10
days prior to data collection. The low end of this aphid feeding period was selected to
enable the measurement of early changes in gene expression, while the longer feeding
period was selected based on our previous experiments that resulted in severe aphidinduced leaf damage at time periods greater than 10 days.
Plant Growth, Potato Aphid
Population and Weight
After one day and 10 days of aphid feeding on mycorrhizal and non-mycorrhizal
plants, potato aphids were carefully removed from each infested leaf with a paintbrush
and frozen overnight. All aphids that were present on each plant were counted and
weighed using an MX5 microbalance (Mettler Toledo, Columbus, OH, USA). Shoot and
root fresh weight were measured immediately before freezing in liquid nitrogen, and
frozen samples were stored at -80°C for subsequent RNA isolation.
Ribonucleic Acid (RNA) Isolation and
Complementary Deoxyribonucleic
Acid (cDNA) Synthesis
The three biological replicates closest to the mean shoot and root fresh weights,
%RLC, and aphid population from each treatment from the one day aphid feeding period
were selected for gene expression analysis. For these samples chosen, the mean AM
fungus root colonization levels for non-infested low-colonization mycorrhizal plants was
30% (range: 28-32%), while non-infested high-colonization mycorrhizal plants was 68%
(range: 63-71%). The mean colonization levels for aphid-infested low-colonization
mycorrhizal plants was 28% (range: 25-33%), while the mean colonization for aphidinfested high-colonization mycorrhizal plants was 67% (range: 63-71%). The mean aphid
number for non-mycorrhizal plants was 4.3 (range: 2-5), for low-colonization
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mycorrhizal plants was 4, and for high-colonized mycorrhizal plants was 3.6 (range: 3-4).
Potato shoot and root samples were ground in liquid nitrogen using a mortar and pestle to
obtain approximately 75mg of tissue. RNA was extracted using RNeasy plant mini kits
(Qiagen Inc., Germantown, MD, USA) according to the manufacturer’s instructions.
RNA was treated with 5 µl TurboTM DNase (2 Units µl-1) (Thermo Fisher Scientific) and
10 µl reaction buffer (10X) to a total volume of 100 µl followed by a 40 min incubation
at 37°C. DNAse-treated RNA samples were subsequently purified using the RNeasy
MinElute Cleanup kit (Qiagen Inc.). For cDNA synthesis, 2 µg of total RNA was mixed
with 2 µl dNTPs (10 mM) and 2 µl anchored oligo dT22 (500 ng µl-1) and incubated at
65°C for 5 min. Next, 8 µl of SuperScript® IV buffer, 2.4 µl Nuclease-free water ,1 µl of
DTT (100 mM), 0.6 µl SuperScript® IV (Thermo Fisher), and 1 µl RNase OUTTM
(Thermo Fisher Scientific, Waltham, MA, USA) were added to each sample (total
volume 40 µl) and samples were incubated at 50°C for 10 min, 80°C for 10 min. cDNA
quality was assessed by semi-quantitative PCR (27 cycles of 95°C for 30 sec, 59°C for 30
sec, 72°C for 30 sec) using the reference gene elongation factor 1α (EF1-α). Products
were visualized on a 0.5X TAE 2% (w/v) agarose gel.
Quantitative Real-Time Polymerase
Chain Reaction (qPCR)
Potato sequences were obtained via the Basic Local Alignment Search Tool
(BLAST) from the National Center for Biotechnology Information (NCBI) and SPUD
database (potato.plantbiology.msu.edu/). Query sequences either from tomato, tobacco,
Arabidopsis, or Medicago truncatula (based on gene availability) were used for BLAST
searches. Once the correct potato sequences were confirmed, oligonucleotides were
designed using primer 3 (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) or primer-BLAST

29
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Oligonucleotide sequences for target
genes and reference genes are listed in Table 2. Each qPCR reaction consisted of 1 µl of
cDNA template (1:3), 2 µl autoclaved MilliQ® water, 5 µl of Power SYBR® Green
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), and 1 µl of 3 µM forward
and reverse primers. Each 384-well plate was run on a C1000® Touch Thermal Cycler
(Bio-Rad, Hercules, CA, USA). The thermal profile consisted of an incubation for 10 min
at 95°C, followed by 40 cycles of 15 sec at 95°C and annealing/extension for 1 min for
55-60°C, ending with melt curve analysis (65-95°C incrementally increasing by 5°C).
Each target gene was normalized to the geometric mean of two reference genes (ΔCq).
The relative expression of target genes was calculated using the 2-ΔΔCq method (Livak and
Schmittgen 2001). Calculations were performed as follows: Relative Expression/Fold
Change = 2-ΔΔCq, where: ΔCq1 = Cq (Target gene in treated sample) – Cq (Reference
gene in treated sample), ΔCq2 = Cq (Target gene in “–AMF” sample) – Cq (Reference
gene in “–AMF” sample), and ΔΔCq = ΔCq1 – ΔCq2. Fold change reduction in gene
expression was obtained by taking the negative inverse of 2-ΔΔCq (Schmittgen and Livak
2008). Heatmaps were generated using the University of Toronto’s Bio-Analytical
Resource (BAR) HeatMapper Plus web tool (http://bbc.botany.utoronto.ca/ntools/cgibin/ntools_heatmapper_plus.cgi).

Table 2. Oligonucleotide sequences for potato (Solanum tuberosum) genes
Gene

Sequence (5' to 3')

Amplicon
length (bp)

Plant species used to
find potato sequence

Potato sequence ID

Elongation factor 1 α (EF1-α)

F-GAGACCTTTGCTGAATACCCAC
R-TCACTTTGGCACCAGTTGG

118

Potato

PGSC0003DMT4000059832

β-tubulin (β-tub)

F-ACCAGGATGCTACAGGAGATG
R-GGCAGAAATTGAACAAACCAA

119

Potato

Sotub10G017210.1.1

Allene oxide cyclase 1 (AOC1)

F- AGTTGTTGTGTACGGCGGTT
R- GCACATCAACACCCCCACTT

119

Tomato

PGSC0003DMT400033027

Phenylalanine ammonia lyase (PAL)

F- CCTAGTAGACCACGCCTTGC
R- GGGTTTCCACTTTCCAACGC

150

Medicago

Sotub09g007470.1.1

Protease inhibitor II (PI-II)

F- AATTGTTGTACCGCAGGAGAGG
R- CCAACTTGGTTATGCTGTACTGG

99

Tomato

Sotub09g026620.1.1

Gibberellic acid 20-oxidase
(GA20ox)

F-AGGCGTACAGAAGAACCACTT
R-GCCATGTTCCTAAGGTGAGC

110

Medicago

Sotub10g011590.1.1

Transcription factor MYC2

F-CCACAGTGAAAATGGGTAGCAG
R-TTCAAAGCCCTCGACGATTTCT

115

Tomato

Sotub10g009150.1.1

B-1,3-glucanase (BGL)

F-TTACCCTTATTTTGCCCATGCTG
R-TTTGTCCTCCAAGTTTCTCCGT

149

Medicago

PGSC0003DMT400022520

1-aminocyclopropane-1-carboxylate
oxidase (ACO1)

F-ACTTTGGTTGAAAAAGAGGCAGAG
R-AATTGGATCACTTTCCATTGCC

147

Tomato

PGSC0003DMT400041796

Ethylene response sensor 1 (ERS1)

F-TCCTAAAACCTGTGTCAGTGGAT
R-GTTGCTGCACATTTTCCACCTA

108

Arabidopsis

XM_006349934.2

Callose synthase 12 (CaS12)

F-GCCCAAGTGTTACGTCCCTT
R-AACCAGGCAACCAAGACAGT

133

Tomato

Sotub02g011920.1.1
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Statistical Analyses
Shoot and root fresh weights, percent of root-length colonized (%RLC), total
aphid population, and aphid colony weights were tested for normality using the ShapiroWilk and Kolmogorav-Smirnov tests before analysis using parametric tests. One-way
ANOVAs and post-hoc comparisons using Tukey’s pairwise comparisons test (p<0.05)
were performed. Aphid population and aphid colony weight were additionally analyzed
for Pearson’s product-moment correlation coefficient. Relative gene expression was
analyzed using Kruskal-Wallis one-way analysis of variance with post-hoc assessment of
Scheffe’s test. All statistical analyses were conducted in SAS 9.4.
Results
Two Levels of Glomus intraradices
Root Colonization Obtained,
no Differences in Plant
Growth Detected
After one day and 10 days of continuous aphid feeding, we observed no
significant differences in shoot or root fresh weight (Table 3). Glomus intraradices root
colonization did not differ significantly between aphid-infested (+PA) and non-infested (PA) plants featuring either high or low AMF colonization at either time point (Table 3).
However, the overall difference in colonization level between low and high colonization
plants was found to be significant at both time points (p<0.01, p<0.01).

Table 3. Potato (Solanum tuberosum) growth and root colonization by Glomus intraradices after potato aphid (Macrosiphum
euphorbiae) herbivory on non-mycorrhizal and mycorrhizal plants at two levels of colonization.
Non-mycorrhizal

1 Day
Feeding

+AMF (High)

+PA

-PA

+PA

-PA

+PA

-PA

P Value

Shoot Fresh
Weight (g)

7.03 ± 0.4
(n=7)

7.17 ± 0.5
(n=7)

5.97 ± 0.5
(n=7)

6.57 ± 0.5
(n=7)

6.61 ± 0.3
(n=7)

6.66 ± 0.3
(n=7)

0.43

Root Fresh
Weight (g)

2.5 ± 0.3
(n=7)

3.17 ± 0.4
(n=7)

3.16 ± 0.3
(n=7)

3.1 ± 0.4
(n=7)

2.69 ± 0.3
(n=7)

3.41 ± 0.4
(n=7)

0.42

28 ± 1.6b
(n=7)

30 ± 1.0b
(n=7)

67.6 ± 1.6a
(n=7)

67.6 ± 2.2a
(n=7)

<0.01

RLC
(%)

10 Day
Feeding

+AMF (Low)

Shoot Fresh
Weight
(g)

7.72 ± 0.6
(n=6)

6.95 ± 0.2
(n=6)

6.29 ± 0.2
(n=6)

7.29 ± 0.4
(n=7)

7.01 ± 0.2
(n=7)

7.82 ± 0.6
(n=8)

0.19

Root Fresh
Weight (g)

2.78 ± 0.2
(n=6)

2.58 ± 0.2
(n=6)

2.75 ± 0.2
(n=6)

2.13 ± 0.2
(n=7)

2.49 ± 0.1
(n=7)

2.41 ± 0.2
(n=8)

0.21

51.3 ± 1.8b
(n=6)

46.7 ± 2.2b
(n=7)

81 ± 1.9a
(n=7)

84.9 ± 1.5a
(n=8)

<0.01

RLC
(%)

Note: values are the means ± SE. Different letters denote significance (p<0.05) as assessed by Tukey’s pairwise comparison test. RLC = root length colonized;
PA = potato aphid; AMF = arbuscular mycorrhizal fungus.
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Aphid Population and Colony Weight
did not Change after Feeding
on Mycorrhizal Plants
Aphid population and colony weight did not significantly differ between low
colonization, high colonization, and non-mycorrhizal plants at either time point (Table 4).
However, recordings at 10 days of feeding displayed a noticeable trend of increased
aphid population and colony weight on mycorrhizal plants, with high colonization plants
harboring the largest populations. While non-significant, correlation analysis revealed a
slight positive correlation between colonization level and aphid population (Fig. 2A;
R2=0.34), and a slightly higher positive correlation between colonization level and aphid
colony weight (Fig. 2B; R2=0.41).
Table 4. Potato aphid (Macrosiphum euphorbiae) population and colony weight after
feeding on non-mycorrhizal potato (Solanum tuberosum) and mycorrhizal potato at low
and high levels of Glomus intraradices root colonization.
Nonmycorrhizal
(n=7)

1 Day Feeding
+AMF +AMF
(Low) (High)
(n=7)
(n=7)

P
Value

Nonmycorrhizal
(n=6)

10 Day Feeding
+AMF
+AMF
(Low)
(High)
(n=6)
(n=7)

P
Value

Aphid
Population

3.43 ±
0.43

3.29 ±
0.29

3.43 ±
0.30

0.94

11.83 ±
1.62

13.83 ±
1.82

15 ±
2.16

0.50

Aphid
Colony
Weight
(mg)

1.01 ±
0.09

1.02 ±
0.09

0.83 ±
0.03

0.19

1.9 ±
0.33

2.54 ±
0.42

2.77 ±
0.47

0.34

Note: Values represent the mean ± SE, p>0.05 = non-significant
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Figure 2. Correlation analysis of total potato aphid (Macrosiphum euphorbiae)
population (A) and potato aphid colony weight (B) to percentage of root length colonized
by Glomus intraradices after a 10-day aphid-feeding period on mycorrhizal potato
(Solanum tuberosum) plants.

Subtle Changes in Gene Expression
Occur after One Day of Aphid
Feeding on Non-Mycorrhizal
and Mycorrhizal Potato
Plants
Transcript levels of the JA-regulated transcription factor MYC2 accumulated in
leaves from aphid-infested non-mycorrhizal plants compared to non-infested highcolonization mycorrhizal plants (p=0.035; Fig. 3; Appendix Fig. 1, Fig. 2).
Contradictorily, we found that neither the mycorrhizal status nor aphid herbivory
significantly altered the expression of the allene oxide cyclase 1 (AOC1) gene, a member
of the AOC gene family that encodes a protein essential to the biosynthesis of JA, relative
to non-infested non-mycorrhizal plants (Stenzel et al. 2012). No other major changes in
gene expression were detected between aphid-infested and non-infested leaves.
Transcript levels of ethylene response sensor 1 (ERS1) decreased in roots from
aphid-infested non-mycorrhizal plants and aphid-infested low-colonization mycorrhizal
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plants compared to non-infested high-colonization mycorrhizal plants (p=0.015; Fig. 4).
This effect was diminished at higher colonization levels, and no significant difference in
expression was recorded in either aphid-infested or non-infested low-colonization
treatments. No other significant differences among treatments were recorded in the
transcript levels of our target genes in root tissue.
Leaf Gene Expression

Gene Name

+PA/+AMF

-PA/+AMF

+PA/-AMF

+PA/+AMF

-PA/+AMF

High
Colonization

+PA/-AMF

Low
Colonization

ACO1

1.6

3.5

2.3

1.6

1.2

-2.4

AOC1

2.4

1.9

1.2

2.4

1.1

-1.3

BGL

2.1

1.3

1.5

2.1

2.7

-1.8

CAS12

-1.3

1.0

-1.4

-1.3

-1.2

-1.1

ERS1

1.6

2.4

1.5

1.6

1.4

1.4

GA20ox

-3.9

2.8

1.0

-3.9

2.7

1.7

MYC2

8.2

5.6

3.2

8.2

2.8

1.7

PAL

2.2

1.2

4.0

2.2

1.3

-1.2

PI-II

1.6

-2.5

5.7

1.6

-2.9

-5.8

Magnitude of
Change

0

0.8

1.6

2.5

3.3

4.1

4.9

5.7

6.6

7.4

*

>8.2

greater than zero
less than zero

Figure 3. Heatmap of fold changes in potato (Solanum tuberosum) leaf gene expression
after one day of potato aphid (Macrosiphum euphorbiae) herbivory on non-mycorrhizal
and mycorrhizal plants at high and low levels of Glomus intraradices root colonization.
PA = potato aphid; AMF = arbuscular mycorrhizal fungus. Asterisk indicates significant
differences among treatments for that gene based on Kruskal-Wallis one-way ANOVA
(P<0.05).
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Root Gene Expression

Gene Name

+PA/+AMF

-PA/+AMF

+PA/-AMF

+PA/+AMF

-PA/+AMF

High
Colonization

+PA/-AMF

Low
Colonization

ACO1

-1.0

1.1

-1.1

-1.0

1.1

1.2

AOC1

1.4

2.2

1.8

1.4

1.6

1.5

CAS12

-2.7

1.0

1.3

-2.7

-1.2

1.6

ERS1

-1.9

1.0

-1.8

-1.9

-1.4

-1.3

MYC2

-1.4

1.9

1.0

-1.4

1.6

-1.0

PAL

1.0

1.5

1.6

1.0

1.3

2.0

Magnitude of
Change

0

0.3

0.6

0.8

1.1

1.4

1.7

1.9

2.2

2.5

*

>2.8

greater than zero
less than zero

Figure 4. Heatmap of fold changes in potato (Solanum tuberosum) root gene expression
after one day of potato aphid (Macrosiphum euphorbiae) herbivory on non-mycorrhizal
and mycorrhizal plants at high and low levels of Glomus intraradices root colonization.
PA = potato aphid; AMF = arbuscular mycorrhizal fungus. Asterisk indicates significant
differences among treatments for that gene based on Kruskal-Wallis one-way ANOVA
(P<0.05).

Discussion
Analyses after one and 10 days of aphid herbivory revealed very little change in
shoot and root biomass (Table 3). While this is to be expected over shorter periods, the
absence of an effect on biomass from plant mycorrhizal status after 10 days of aphid
herbivory is surprising given the well-established benefits to nutrient uptake provided by
mycorrhizal symbiosis (Smith et al. 2011, Ortas 2012). However, previous potato studies
revealed negligible impacts of G. intraradices inoculation on the shoot and root fresh
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weight of much younger plants, while G. etunicatum inoculation significantly increased
shoot and root fresh weight (Yao et al. 2002). It is possible that extended growing periods
beyond those studied here would eventually enhance plant biomass, as our previous
research utilizing an identical system recorded increased shoot weight in potatoes at high
levels of G. intraradices root colonization compared to non-mycorrhizal controls after 14
days (Chapter III, Rizzo and Gomez, unpublished). Additionally, we recorded no
significant impact on aphid population and total colony weight (Table 4), though there
exists an observable trend of slightly enhanced reproduction and weight gain of aphids
feeding on high-colonized mycorrhizal plants (Fig. 2). Enhanced aphid performance on
mycorrhizal plants is well documented (Gange and West 1994, Gehring and Bennett
2009a, Hartley and Gange 2009), and it has recently been shown that extended feeding
periods up to 14 days does result in increased aphid population and weight gain on high
G. intraradices-inoculated potatoes (Chapter III, Rizzo and Gomez, unpublished).
On the other hand, previous studies on the top-down influence of aphid herbivory
on AMF colonization indicate effects ranging from inhibitory (Gange et al. 2002, Wearn
and Gange 2007, Babikova et al. 2014) to beneficial (Wamberg et al. 2003, Currie et al.
2006). Our results indicate no significant effects of aphid herbivory on a single leaf on
AMF colonization rates in either direction (Table 3), with all plants progressing in
colonization at a steady rate irrespective of aphid herbivory. It must be considered that
the restrictions imposed on aphid movement in this study may have an impact on AMF
colonization rates, as the distribution of aphid herbivory across the plant would likely
produce a stronger SA-mediated response and, in turn, impact the rate of AMF
colonization. Though infestation of the entire plant would produce a stronger response,
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the model utilized here will allow for future comparisons between local gene expression
in aphid-infested leaves and gene expression in systemic, non-infested leaves. The
preservation of a significant difference between colonization levels of mycorrhizal plants
at the end of both feeding periods indicates that growth of AMF throughout the host’s
roots was ongoing at seven weeks’ post-inoculation.
While we did not find significant reciprocal impacts between AMF colonization
and aphid infestation, our assessment of defensive gene expression allowed for deeper
scrutiny of these indirect interactions. In general, our findings after 24 hours of aphid
herbivory support the idea that phloem-feeding insects are capable of circumventing host
immune responses (Walling 2008). The modality of feeding employed by aphids is
primarily intracellular, and produces only minimal damage to mesophyll and parenchyma
(Stewart et al. 2016). In this way, phloem-feeders are believed to avoid the typical JAmediated wound response triggered by leaf-chewing insects (Thaler et al. 2001).
Interestingly, our findings show a significant increase (p=0.014) in the expression of the
JA-regulated transcription factor MYC2 gene in the leaves of all treatments besides noninfested mycorrhizal plants (Fig. 3). The alteration of a JA-regulated transcription factor
by aphid feeding raises some interesting questions. Immune responses triggered by aphid
herbivory typically induce those SA-mediated defense responses characteristic of
pathogen recognition (Moran and Thompson 2001), while the induction of JA-mediated
responses are typically a response to mechanical damage (Pieterse et al. 2012). For
example, the increased activity of SA-mediated pathogenesis-related (PR) proteins has
been recorded in aphid-resistant wheat (Triticum aestivum) following herbivory by the
Russian wheat aphid (Diuraphis noxia) (Moloi and Van der Westhuizen 2008). However,

39
our study found no significant changes to the expression of BGL, an SA-regulated PR
gene previously recorded to undergo elevated transcription following aphid herbivory in
several plant-aphid systems (Zhu-Salzman et al. 2004, Gao et al. 2007). In addition, we
recorded no significant changes in expression of the PAL gene. The protein encoded by
PAL catalyzes the first step in the phenylpropanoid pathway, leading to the downstream
synthesis of important signaling molecules like SA, as well as the cell wall component
lignin (Morkunas and Gabryś 2011). If JA-mediated defenses were indeed widely
induced by aphid infestation in potato, we would also expect to see the increased
transcription of allene-oxide cyclase (AOC1), whose expression is coupled to oxylipin
and JA biosynthesis (Barah et al. 2013, Klauser et al. 2015). Though our analysis did not
reveal any significant transcriptional changes to AOC1 in leaf or root tissue, it is possible
that the induction of AOC1, as well as increased transcription of MYC2, occurred earlier
than at 24 h of aphid herbivory. The examination of AOC1 and MYC2 expression at
earlier and later time points would allow for greater resolution of possible aphid-induced
JA responses in potato.
The enhanced expression of the MYC2 gene has previously been implicated as
evidence for JA-SA cross-talk in Arabidopsis following simultaneous infestation by
Brevicoryne brassicae aphids and the caterpillar Plutella xylostella (Kroes et al. 2014).
Recent research on JA-SA cross-talk have revealed a highly flexible relationship between
the expression of each phytohormone in response to pathogen infection and insect
herbivory, implicating the entanglement phytohormone signals in the production of
context-specific signal “signatures” (Lorenzo et al. 2003, Anderson et al. 2004). In fact,
the mediation of JA-SA cross-talk by MYC2 is likely required for microbe-induced
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systemic resistance (Kazan and Manners 2013, Kroes et al. 2014). The apparent decrease
in MYC2 gene expression on aphid-infested high-colonization mycorrhizal plants (2.8fold induction) may be a result of decreasing regulation of the oxylipin pathway by AMF
as the symbiosis stabilizes. It is commonly asserted that regulation of the oxylipin
pathway by AMF occurs early in the formation of the symbiosis, as a means of lessening
the SA-mediated defense response by taking advantage of a more rigid antagonistic
relationship between the JA and SA pathways (Requena et al. 2007, López-Ráez et al.
2010). Additionally, we cannot rule out the possibility that MYC2 induction in AMF
colonized plants peaked prior to the recordings in this study. While it is possible that the
increased expression of the MYC2 gene recorded in this study results from some degree
of cross-talk, an expanded analysis of additional SA- and JA-regulated genes is necessary
for a greater understanding of the effects of AM symbiosis, as well as further description
of the dynamic JA-SA relationship.
In potato leaves, we found no significant changes in gene expression among
treatments in the ET and ABA pathways, including the ABA-mediated wound-induced
Proteinase inhibitor II (PI-II) and the ET biosynthesis gene 1-aminocyclopropane-1carboxylate oxidase (ACO1). Additionally, we found no significant changes among
treatments on the expression of the gibberellic acid (GA) biosynthesis gene GA 20oxidase (GA20ox). Though gibberellins commonly regulate various plant developmental
processes, recent research has revealed its participation in the coordination of defense
responses (De Bruyne et al. 2014). Penetration of phloem sieve elements by wounding or
aphid herbivory is compensated for by the accumulation of callose, a molecule that is
additionally synthesized at higher levels during pathogen infection (Adkar-Purushothama
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et al. 2015). However, our results did not indicate differential regulation of the Callose
synthase 12 (CaS12) gene regardless of mycorrhizal status or aphid herbivory.
No major changes in gene expression among treatments were detected in potato
roots (Fig. 4). The ethylene response sensor 1 (ERS1) gene, which encodes a membrane
associated ET receptor, was downregulated in roots from aphid-infested non-mycorrhizal
plants and non-infested low-colonization mycorrhizal plants (p=0.01). The
downregulation of the ERS1 gene in our study is in line with previous research on the
effects of AMF colonization on the ET pathway (Zsögön et al. 2008). Increased
mycorrhizal fungus colonization likely requires the inhibition of ET as the fungus
progresses, and ET-overproducing tomato mutants have been shown to significantly
reduce mycorrhizal fungus colonization (Zsögön et al. 2008). The significant
downregulation observed in the roots of non-mycorrhizal aphid-infested plants reflects
the findings of previous studies on the impact of phloem-feeders on ET-related genes as
expressed in leaves (Zarate et al. 2007, Morkunas and Gabryś 2011). ERS1 gene
expression in leaves was found to decrease in plants subjected to herbivory by whiteflies
B. tabaci (Zarate et al. 2007), though this effect has never recorded in plant roots.
Anstead (2010) reported upregulation of ET pathway and ET receptor-coding genes in
tomatoes highly infested with M. euphorbiae; this effect was enhanced upon attack by
Aphis gossypii carrying the melon-virus aphid transmission gene (Vat), revealing a
synergistic effect of simultaneous aphid infestation and pathogen perception by the host
plant. This described association between aphid herbivory and SA-mediated pathogen
responses, in combination with the unique changes in gene expression recorded here, may
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warrant further research into the previously-described cross-talk between the ET and SA
pathways (De Vos et al. 2006).
The research conducted here provides compelling evidence for the existence of
MIR in potato against potato aphids. The increased expression of the MYC2 gene in
aphid-infested mycorrhizal plants, while lower than aphid-infested non-mycorrhizal
plants, may result from a temporal difference in peak expression (Tzin et al. 2015).
Further research at more immediate changes to the expression of the MYC2 gene and its
downstream genes may yield interesting results with regards to mycorrhizal impacts on
JA-mediated defense responses to aphids. In addition, it is established that mycorrhizal
benefits act in a strongly context-dependent manner, in which the genotype of all
members of the interaction, as well as the abiotic characteristics of the system itself,
govern the differential effects on each interaction participant (Hempel et al. 2009, Roger
et al. 2013). In this way, our results represent the first steps toward the characterization of
the potato-potato aphid-AMF interaction as a capable model system for the study of
mycorrhizal symbioses.
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CHAPTER III
IMPACT OF POTATO APHID HERBIVORY AND
ARBUSCULAR MYCORRHIZAL SYMBIOSIS
ON PLANT PHYSIOLOGY
Abstract
Arbuscular mycorrhizal fungi (AMF) are obligate biotrophs known to form
symbiotic relationships with most terrestrial plant species. Plant root associations with
AMF found in soil aid in the acquisition of nutrients through the AM symbiosis pathway,
wherein mycorrhizal hyphae increase the rate and effective range of nutrient acquisition,
primarily enhancing the uptake of phosphorous and contributing to superior plant growth.
While mycorrhizal plants exposed to abiotic stressors like drought and high temperatures
have exhibited augmented photosynthetic rates, water status, and chlorophyll content,
there exists a gap in knowledge on the physiological effects of AM colonization with
respect to biotic stress tolerance. Here, we tested the physiological impacts of
simultaneous high root colonization of AMF and aphid herbivory on potato plants in
order to address the following hypotheses: (i) High AM fungal colonization positively
impacts aphid performance due to the enhanced nutritional status of mycorrhizal plants;
and (i) AMF colonized plants demonstrate a heightened tolerance to aphid herbivory than
their nonmycorrhizal counterparts. Our findings demonstrated that high AMF
colonization of potato resulted in enhanced aphid reproduction and colony weight, an
effect that increased with increased aphid feeding periods and likely stemmed from the
significantly elevated phosphorous content of mycorrhizal plants. Though we did not
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document enhanced tolerance to aphid herbivory in high-colonized plants according to
the physiological metrics of water potential, photosynthetic rate, and chlorophyll content,
we did observe a clear trend of enhanced leaf senescence restricted to aphid-infested
mycorrhizal plants, and established the viability of the potato-potato aphid-mycorrhizal
fungus system as a novel model for the study of the highly diverse impacts of
mycorrhizal colonization on their host plants.
Introduction
The arbuscular mycorrhizal (AM) symbiosis dates back to 400 MYA, and its
formation is thought to have aided in the transition of aquatic plants terrestrial
environments (Remy et al. 1994). Between 80-90% of today’s terrestrial plant species are
known to form symbioses with members of the phylum Glomeromycota (Wang and Qiu
2006, Smith and Read 2008), resulting in an intimate relationship in which the reciprocal
exchange of nutrients between plant and AM fungi is facilitated by the formation of
fungal structures developed within the root cortex of the host plant (Smith and Read
2010). Tree-like fungal structures called arbuscules facilitate the exchange of
photosynthates for mineral nutrients, mainly phosphorus and nitrogen (Johnson et al.
2001, Smith et al. 2011). Soil nutrients are obtained through the growth of fungal
extraradical hyphae into areas well outside the nutrient depletion zone surrounding roots.
Nutrients are then delivered to the plant via the AM symbiosis pathway. There is
supporting evidence showing that mycorrhizal plants are better suited to cope with
abiotic stress such as water deficit, increased salinity, and heavy metals (Miransari 2010,
Smith and Smith 2011), as well as biotic stress both aboveground and belowground
(Azcón-Aguilar and Barea 1997, Whipps 2004, Pozo and Azcón-Aguilar 2007,
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Koricheva et al. 2009, Campos-Soriano et al. 2012, Jung et al. 2012). Increased resistance
against pathogens may be induced by the physiological changes that occur in the plant to
accommodate AM fungal structures during a functional symbiosis (Fritz et al. 2006, Liu
et al. 2007, Pozo et al. 2010).
It is postulated that the initial stimulation of the host’s immune response by fungal
penetration serves to ‘prime’ the plant against future attacks by pathogens and insects.
This phenomenon of “Mycorrhizal-induced Resistance” (MIR) allows for the more rapid
and efficient induction of defenses in the face of subsequent attacks (Pozo and AzcónAguilar 2007, Pozo et al. 2008). However, the extent of MIR against insect herbivores is
highly dependent upon the feeding guild and specialization level of the attacking insect
(Koricheva et al. 2009), resulting in an overall negative impact on leaf-chewing insects
and generalists (Gange and West 1994, Howe and Jander 2008). Conversely, effects
ranging from neutral to positive have been found in specialist insects and phloem-feeders
that fed on mycorrhizal plants (Gange and West 1994, Gehring and Bennett 2009b,
Hartley and Gange 2009), though negative impacts on phloem-feeders have also been
reported (Gehring and Whitham 2002, Guerrieri et al. 2004, Hempel et al. 2009,
Babikova et al. 2014).
The minimal tissue damage caused by phloem-feeding insects such as aphids may
bypass detection by plant immune responses (Walling 2008). When observed, plant
defense responses triggered by aphid feeding have been shown to differ substantially on a
local to systemic basis (Divol et al. 2005, Dugravot et al. 2007), though the efficacy of
such responses is the subject of ongoing research. The enhanced productivity and
regrowth capacity of mycorrhizal plants may allow for increased tolerance to aphid
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infestation compared to non-mycorrhizal plants (Hoffmann et al. 2011). Indeed, the
effects of AM fungus colonization on plant-aphid interactions are likely species-specific
to all members of the tripartite interaction (Hempel et al. 2009, Roger et al. 2013,
Babikova et al. 2014), reflecting the complexity of interactions taking place in nature.
In light of the broad range of responses observed in aphid-plant-AM fungus
interactions, a detailed physiological analysis of the interaction, taking into account each
organism involved, may provide a better understanding of the underlying mechanism
involved in MIR. Past studies on the physiological impact of mycorrhizal colonization
have revealed enhanced photosynthetic rates and chlorophyll content in plants subjected
to temperature stress (Zhu et al. 2011). Photosynthetic rate increases of up to 51% have
been recorded in legumes exposed to both rhizobia and AMF (Kaschuk et al. 2009).
Improved water uptake has also been reported in water-stressed mycorrhizal red clover
plants (Trifolium pretense) (Hardie and Leyton 1981). Conversely, no effect of AM
fungus colonization on plant water status was reported in safflower plants (Carthamus
tinctorius) and wheat (Triticum aestivum) (Bryla and Duniway 1998), variances which
may be further attributed to the differential effects of stress tolerance within separate
symbiotic systems (Birhane et al. 2015).
The present study aims to bridge the gap in knowledge regarding the changes to
plant physiology that occur during tripartite interactions involved potato aphids
(Macrosiphum euphorbiae), potato (Solanum tuberosum), and the AM fungus Glomus
intraradices. Our research objective and hypotheses were:
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Objective 1

Analyze the effect of the tripartite interaction on plant physiology
and potato aphid fitness.

H1

Mycorrhizal plants will display enhanced tolerance to the stress
induced by potato aphid herbivory.

H2

Aphid fitness will be negatively impacted after feeding on highlycolonized mycorrhizal plants

We assessed the impact of this tripartite interaction on plant physiology
parameters by measuring aphid-infested leaves, and undamaged leaves within the same
plant. To the best of our knowledge, the differential effects of mycorrhizal colonization
on systemic and local responses to aphid feeding has not yet been studied. Additionally,
we assessed the bottom-up effects of an established AM symbiosis on potato aphid
fitness measured as abundance and weight. We hypothesized that: (i) well-colonized
mycorrhizal plants would positively affect potato aphid fitness, and (ii) mycorrhizal
plants would cope better with the stress caused by potato aphid herbivory.
Methods and Materials
Plant Growth Conditions
Potato (Solanum tuberosum cv Désirée) was in vitro propagated. Nodal cuttings
were placed in culture tubes containing Murashige and Skoog (MS) medium
supplemented with sucrose (20 g L-1) and phytagel (3 g L-1), at pH = 5.9. Plantlets were
grown at 22 °C and 16 h: 8 h, light: dark cycle for six weeks prior to transplanting into
plastic pots (6.4 cm H x 6.4 cm W x 8.9 cm D) filled with autoclaved 9: 1 sand : soil
substrates. Plants were covered with a plastic humidity dome (54.6 cm H x 28 cm W x
17.8 cm D) for one week, and were placed on insulated padding on ventilated shelves in
the laboratory in order to reduce heat transfer from lighting above and below growth
areas. Plants were grown between 23-24°C under a 16 h photoperiod at light quanta of
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200-230 µmol m-2 s-1 of photosynthetically active radiation (PAR). Soil substrates were
prepared by filtering topsoil (Pioneer Sand Company, Windsor, CO) using a sieve #8
sieve followed by a #16 sieve (W.S. Tyler, Mentor, OH, USA) to remove large rocks and
organic matter before autoclaving three times (121°C, 15 PSI, 1 h). Mason sand (Pioneer
Sand Company) was thoroughly rinsed with deionized water until rinse water ran clear,
and was autoclaved once (121°C, 15 PSI, 1 h). Mixed sand-topsoil substrate was tested
for dissolved nutrients, pH, salt content, and organic matter before and after autoclaving
to assess the impact of autoclaving (Table 1). All tests verified the nutrient deficiencies
required for mycorrhizal symbiosis, particularly low phosphate levels. After transplant to
substrate, plants received 35mL ½ strength modified Hoagland’s solution with reduced P
(500 µM P) twice per week. On all days without fertilizer, plants were watered
consistently with tap water.
Root Inoculation with Glomus intraradices
After a one-week acclimation period of plants to the new substrate, plants
designated for mycorrhizal colonization were inoculated with one part of soil inoculum
composed of a mixed-strain of G. intraradices mixed with 24 parts of autoclaved soil
substrate (9: 1, mason sand: topsoil). Non-mycorrhizal plants were inoculated with a
matching soil inoculum but devoid of AM fungi (mock inoculum). The same type of 1:25
dilution was also used for non-mycorrhizal plants. 14 plants were inoculated with mock
inoculum and 17 plants with G. intraradices inoculum for a total of 14 biological
replicates total, with an additional three inoculated plants to assess root colonization prior
to aphid placement. Both G. intraradices and ‘mock’ inocula were purchased from Dr.
Joe Morton (International Culture Collection of (Vesicular) Arbuscular Mycorrhizal
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Fungi, INVAM). Plants were grown for an additional five weeks until AM fungus root
colonization levels of extra plants reached >80% root-length colonized (RLC).
Colonization level was assessed by clearing random subsamples of root tissue in 10%
(w/v) KOH at 85°C for 5 h, rinsing in deionized water, incubating in 5% (v/v) glacial
acetic acid at room temperature for 10 min, incubating in a 5% (v/v) Shaeffer® black
Skrip® ink (A.T. Cross Company, Providence, RI, USA) staining solution prepared in 5%
(v/v) glacial acetic acid, and excess ink was rinsed out in deionized water. G. intraradices
root colonization was quantified via the gridline-intersection method (McGonigle et al.
1990).
Shoot Infestation with Potato Aphids
Potato aphids (PAs, Macrosiphum euphorbiae) obtained from Dr. Fiona Goggin
(University of Arkansas) were reared on broad bean (Vicia faba) in BugDorm-2120
insect rearing tents, kept at 23-24°C under a 16h: 8h (light: dark) cycle at light quanta of
200-230 µMol/m2s1 of PAR, and fertilized with 35 mL Miracle-Gro water soluble allpurpose plant food (Scotts, Marysville, OH, USA) twice per week. To ensure insects of
the same age, aphids were synchronized three weeks prior to placement on experimental
plants by removal and transplant of 20 one-day-old nymphs onto non-infested two-week
old fava plants. When mycorrhizal plants reached the target AM fungus colonization
levels (≥80% RLC), all plants were transferred to the greenhouse under a 16h: 8h light:
dark cycle at 22-24°C. Plants were placed into BugDorm-2120 insect rearing tents
(MegaView Science Co., Ltd., Taichung, Taiwan) in groups of seven replicates per
treatment for each of the four experimental treatments: (1) PA-infested, mycorrhizal
plants (+PA/+AMF); (2) PA-infested, non-mycorrhizal (+PA/-AMF); (3) non-infested,
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mycorrhizal plants (-PA/+AMF); and (4) -PA/-AMF. Plants were allowed a one-week
acclimation to greenhouse conditions and tents prior to adding potato aphids. For all
potato aphid-infested plants (+PA), four apterous potato aphid adults were placed on the
terminal leaflet of the fourth fully-expanded leaf counting from the shoot apex, with the
leaf enclosed in an organza drawstring bag (10 x 15 cm) and sealed at the petiole. These
aphid-infested leaves represent our damaged leaves (L4). The third fully-expanded leaf
counting from the shoot apex was similarly bagged for physiological measurements of
undamaged leaves (L3). Insects were allowed to feed and reproduce continuously for 7
and 14 days prior to data collection. The low end of this aphid feeding period was
selected to provide sufficient time to assess physiological changes, while the longer
feeding period was selected to allow adequate aphid reproduction for the characterization
of an aphid phenotype on each treatment.
Plant Physiology and Aphid Performance
Measurements
After 7 and 14 days of aphid feeding, potato aphids were carefully removed from
each infested leaf with a paintbrush and frozen overnight. The total number of insects
were counted and weighed using an MX5 microbalance (Mettler Toledo, Columbus, OH,
USA) to provide total aphid population per plant as well as total aphid colony weight per
plant. For all plants, non-destructive measurements including photosynthetic rates (LI6400XT, LI-COR, Lincoln, NE USA) and chlorophyll content (SPAD 502 Plus,
Spectrum Technologies, Aurora, IL USA) were collected on each insect-damaged and
undamaged leaf prior to excising the leaf for water potential measurements (Bench-style
pressure chamber, Soilmoisture Equipment Corp., Santa Barbara, CA USA). Shoot fresh
weight was measured before placing shoots in paper bags, and drying at 60 °C for four
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days before collecting dry weight measurements. Dry shoot tissue from 14 day treatments
were ground using sterilized mortar and pestle, and all ground tissue was pooled within
treatments for dry mass element analysis of nitrogen and phosphate content at Weld
Laboratories in Greeley, CO. Root fresh weight was measured before and after a random
sub-sample of roots was taken for AM fungal staining. The remaining root sample was
dried as previously described, and total root dry weight was inferred by dividing the total
dry weight by the percent of fresh material remaining after removal of AMF staining
samples.
Statistical Analysis
Photosynthetic rate (PR), chlorophyll content (CC), and water potential (Ψp), were
analyzed using one-way ANOVAs, with separate analyses for damaged and undamaged
leaves. Comparisons between damaged leaf and undamaged leaf PR, CC, and Ψp were
analyzed using Student’s t-test within treatments. Aphid population, aphid colony weight,
and percent root-length colonized were analyzed using Student’s t-tests. All analyses
were performed in SAS 9.4, and with significance established at p=0.05. Nitrogen and
phosphorous dry mass measurements for each treatment were analyzed using a nonparametric Kruskal-Wallis one-way ANOVA for 2 (N) and 3 (P) replicates per treatment,
with post-hoc analysis using Scheffe’s test.
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Results
Shoot Biomass of Non-Mycorrhizal Plants Decreases
after 14 Days of Potato Aphid Herbivory,
Glomus intraradices Colonization is not
Affected by Herbivory
In our first time-point (seven days post aphid feeding), we recorded higher root
dry weight in aphid-infested mycorrhizal plants compared to non-infested nonmycorrhizal plants (Table 5). At our second time-point (14 days post aphid feeding),
shoot fresh weight was significantly higher in non-infested, mycorrhizal plants compared
to both infested and non-infested, non-mycorrhizal plants (Table 5). We did not detect
differences in root fresh weight, shoot dry weight, or percent colonization by G.
intraradices in either time-point (Table 5).

Table 5. Effects on potato (Solanum tuberosum) growth and Glomus intraradices root colonization after seven and 14 days of
herbivory by potato aphids (Macrosiphum euphorbiae) on highly-colonized mycorrhizal and non-mycorrhizal plants.

+PA/-AMF
(n=7)

-PA/+AMF
(n=7)

+PA/+AMF
(n=7)

P-value

-PA/-AMF
(n=7)

+PA/-AMF
(n=7)

-PA/+AMF
(n=6)

+PA/+AMF
(n=7)

P-value

14 Day Potato Aphid feeding

-PA/-AMF
(n=7)

7 Day Potato Aphid feeding

Shoot
fresh
weight (g)

4.9 ± 0.18

4.8 ± 0.27

5.4 ± 0.23

5.3 ± 0.57

0.19

4.9 ± 0.25b

5.0 ± 0.21b

6.4 ± 0.35a

5.3 ± 0.16ab

0.02

Root fresh
weight (g)

2.4 ± 0.27

2.7 ± 0.14

2.0 ± 0.22

2.5 ± 0.11

0.18

3.0 ± 0.32

3.1 ± 0.18

2.8 ± 0.18

2.7 ± 0.30

0.66

Shoot dry
weight (g)

0.6 ± 0.03

0.6 ± 0.03

0.7 ± 0.03

0.6 ± 0.02

0.06

0.7 ± 0.03

0.6 ± 0.05

0.8 ± 0.03

0.7 ± 0.05

0.10

Root dry
weight (g)

0.2 ± 0.03b

0.2 ± 0.02ab

0.3 ± 0.02ab

0.3 ± 0.03a

0.02

0.4 ± 0.03

0.3 ± 0.04

0.3 ± 0.04

0.4 ± 0.06

0.17

RLC
(%)

-

-

88 ± 1.87

88 ± 0.75

0.36

-

-

87 ± 0.76

89 ± 1.60

0.14

Values indicate means ± SE. RLC = root length colonized. Different letters indicate statistical significance between treatments as determined by one-way
ANOVA and Tukey’s pairwise comparison test (P<0.05)
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Potato Aphids Exhibit Enhanced Reproduction
and Weight Gain on Highly Colonized
Mycorrhizal Plants Over Longer
Feeding Periods
Following 7 days of continuous feeding, total aphid population did not
significantly differ between mycorrhizal and nonmycorrhizal plants (Fig. 5A). However,
total aphid colony weight was found to be significantly higher on mycorrhizal compared
to non-mycorrhizal plants following 7 days of feeding (p=0.03) (Figure 5B). After 14
days of feeding, both total aphid population and total aphid colony weight were
significantly higher on mycorrhizal plants (p=0.03, 0.002).
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Figure 5. Impact of the AM symbiosis on potato aphid (Macrosiphum euphorbiae) fitness
measured as abundance and weight. Mean aphid population (A) and colony weight (B) of
potato aphids after feeding on Glomus intraradices-inoculated (+AMF) and noninoculated (-AMF) potato plants (Solanum tuberosum) for seven and 14 consecutive
days. Mycorrhizal plants were highly colonized. Values are means ± SE of seven
biological replicates. P-values indicate statistical difference at that particular time-point
based on a Student’s t test (P<0.05), ns= non-significant.
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Effects of Aphid Herbivory and Arbuscular
Mycorrhizal Symbiosis on
Plant Physiology
Plant water potential, photosynthetic rate, and chlorophyll content for aphiddamaged leaves (L4) and non-infested undamaged leaves (L3) after 7 and 14 days are
found in Table 6. Measurements of water potential, photosynthetic rates, and chlorophyll
content were not significantly different between treatments after 7 days of aphid feeding,
and comparisons between L4 and L3 within treatments revealed no marked differences.
Following 14 days of continuous aphid feeding, the locally infested leaves of all but two
mycorrhizal plants (+PA/+AMF) sustained too much damage to obtain accurate
physiological measurements. For these measurements, a one-way ANOVA was
conducted between the remaining three treatments (+PA/-AMF; -PA/-AMF; -PA/+AMF).
No significant differences in water potential were observed in the L4 of these remaining
treatments. However, photosynthetic rates were found to be significantly higher in noninfested mycorrhizal plants compared to infested non-mycorrhizal plants (p<0.01).
Additionally, non-infested mycorrhizal plants showed significantly higher chlorophyll
content compared to non-infested non-mycorrhizal plants (p=0.04). No significant
differences were observed in water potential, photosynthetic rate, or chlorophyll content
of L3 after 14 days of aphid feeding.

Table 6. Effects on plant physiology after 7 and 14 days on potato aphid (Macrosiphum euphorbiae)-infested (+PA) and non-infested
(-PA) Glomus intraradices-inoculated and non-inoculated potato (Solanum tuberosum) plants

+PA/-AMF
(n=7)

-PA/+AMF
(n=7)

+PA/+AMF
(n=7)

P-value

-PA/-AMF
(n=7)

+PA/-AMF
(n=7)

-PA/+AMF
(n=6)

+PA/+AMF
(n=7)

P-value

14 Day Potato Aphid feeding

-PA/-AMF
(n=7)

7 Day Potato Aphid feeding

L3 water potential
(MPa)

-0.9 ± 0.11

-0.8 ± 0.06

-1.1 ± 0.12

-0.9 ± 0.09

0.31

0.7 ± 0.05

0.6 ± 0.03

0.7 ± 0.05

0.8 ± 0.06

0.13

L4 water potential
(MPa)

-0.8 ± 0.06

-0.9 ± 0.11

-1.0 ± 0.11

-0.9 ± 0.09

0.58

0.5 ± 0.12

0.7 ± 0.03

0.7 ± 0.04

ND

0.79

L3 photosynthesis
(µmol CO2 m-2 leaf
area s-1)

4.4 ± 0.64

5.4 ± 0.45

5.8 ± 1.02

5.6 ± 0.21

0.46

3.3 ± 0.55

2.6 ± 0.35

4.3 ± 0.48

3.3 ± 0.73

0.21

L4 photosynthesis
(µmol CO2 m-2 leaf
area s-1)

4.8 ± 0.46

4.3 ± 0.66

5.6 ± 0.86

4.8 ± 0.35

0.50

2.4 ± 0.44ab

1.6 ± 0.42b

3.9 ± 0.44a

ND

0.01

L3 Chlorophyll
Content

45 ± 1.00

47 ± 1.61

46 ± 2.32

45 ± 1.11

0.70

40 ± 2.19

45 ± 1.60

44 ± 1.29

ND

0.19

L4 Chlorophyll
Content

43 ± 1.33

43 ± 1.93

43 ± 3.07

40 ± 2.15

0.78

39 ± 1.51b

38 ± 2.49ab

44 ± 1.45a

ND

0.04

Values indicate means ± SE. L3 indicates measurements obtained from the third leaf down the shoot apex that was encased in a mesh exclusion bag. L4 indicates
measurements obtained from the fourth leaf down the shoot apex that was encased in a mesh enclosure bag. L4 leaves received aphids in the insect-infested
treatments. Mycorrhizal plants were highly colonized. Different letters indicate statistical significance between treatments as determined by one-way ANOVA
and Tukey’s pairwise comparison test (P<0.05). ND = no data due to advanced leaf damage by aphids. In these cases, p-values are derived from one-way
ANOVA conducted on available treatments.
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Comparisons between L3 and L4 measurements within treatments for each
physiological metric (when obtainable) are shown in Table 7. After 7 days of aphid
feeding, photosynthetic rates and chlorophyll content in L3 of aphid-infested mycorrhizal
plants were significantly higher than in L4 (p=0.04, 0.02). However, leaf age cannot be
ruled out as a causative factor. Similarly, the chlorophyll content of L3 from aphidinfested nonmycorrhizal plants was significantly higher than in L4 after 7 and 14 days of
aphid feeding (p=0.048, 0.03), while the L3 of nonmycorrhizal plants also showed a
significant increase in photosynthetic rates over L4 after 14 days of aphid feeding
(p=0.04). No other significant differences were observed within treatments between L4
and L3 after 7 and 14 days of feeding.

Table 7. Differential effects on plant physiology between damaged (DL) and undamaged (UDL) leaves after 7 and 14 days on potato
aphid (Macrosiphum euphorbiae)-infested (+PA) and non-infested (-PA) Glomus intraradices- inoculated and non-inoculated potato
(Solanum tuberosum) plants
7 Day Potato Aphid feeding
Non-mycorrhizal
+PA
(n=7)
Water potential
(MPa)

Photosynthesis
(µmol CO2 m-2 s-1)

Chlorophyll
Content

L3

0.8 ± 0.06

L4

0.9 ± 0.11

L3

5.4 ± 0.45

L4

4.3 ± 0.67

L3

47.3 ± 1.61

L4

42.8 ± 1.93

14 Day Potato Aphid feeding

Mycorrhizal

Non-mycorrhizal

Mycorrhizal

P-Value

+PA
(n=7)

P-Value

+PA
(n=7)

P-Value

+PA
(n=7)

P-Value

0.12

0.9 ± 0.09

0.41

0.6 ± 0.03

0.21

0.8 ± 0.06

ND

0.9 ± 0.09

0.08

5.6 ± 0.22

0.7 ± 0.03

0.04

4.8 ± 0.35

<0.05

45.5 ± 1.11

40.2 ± 2.15

2.6 ± 0.35

ND

0.04

1.6 ± 0.41

0.02

44.5 ± 1.60

38.4 ± 2.49

3.3 ± 0.73

ND

ND

0.03

40.3 ± 2.52

ND

ND

Values indicate mean ± SE. L3 indicates measurements obtained from the third leaf down the shoot apex that was encased in a mesh exclusion bag. L4 indicates
measurements obtained from the fourth leaf down the shoot apex that was encased in a mesh enclosure bag. L4 leaves received aphids in the insect-infested
treatments. Mycorrhizal plants were highly colonized. . ND indicates no data collected due to aphid damage. Statistical significance analyzed by Student’s t-test
(p<0.05).
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Analysis of dry material from the 14-day feeding timepoint revealed no
significant differences in N content (Crude protein, Fig. 6A) between aphid-infested
(+PA) and non-infested (-PA) mycorrhizal and non-mycorrhizal plants. However,
phosphorous content (Fig. 6B) was found to be significantly higher in mycorrhizal plants
compared to controls regardless of aphid infestation. Additionally, aphid-infested nonmycorrhizal plants showed significantly higher P content compared to non-infested nonmycorrhizal plants.
A

B
0.2

p=0.129

20

Phosphorous (%DMB)

Crude Protein (%DMB)

25

15
10
5

0.15

b

p=0.0238
a
c

a

0.1

0.05

0

0
-PA

+PA

Non-mycorrhizal

-PA

+PA

Mycorrhizal

-PA

+PA

Non-mycorrhizal

-PA

+PA

Mycorrhizal

Figure 6. Impact of Glomus intraradices inoculation and potato aphid (Macrosiphum
euphorbiae) herbivory on the nutrient content in potato (Solanum tuberosum) shoots.
Crude protein (A) and phosphorous (B) content (% dry mass basis) after 14 days.
Mycorrhizal plants were highly colonized. Values represent means ± SD of two (A) and
three (B) pooled tissue samples. Different letters above bars denote statistical significance
(p<0.05) based on a non-parametric Kruskal-Wallis test. –AMF = non-mycorrhizal plant,
+AMF = mycorrhizal plant, -PA = non-infested, +PA = potato aphid-infested.
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Discussion
Our study revealed that an established AM symbiosis increased potato aphid
abundance after seven days of infestation (Fig. 5A), and colony weight after seven and 14
days of aphid infestation (Fig. 5B), which does not support our second hypothesis, but is
in agreement with previous reports (Gange and West 1994, Gange et al. 1999, 2002,
Babikova et al. 2014). It is possible that the improved levels of phosphorous (P) in
mycorrhizal shoots advanced potato aphids weight gain (Fig. 6). P content has been
previously shown to enhance potato aphid reproductive rates on petunias (Petunia
axillaris hybrid) (Jansson and Ekbom 2002), while the increased P uptake in mycorrhizal
plants is well established (Smith et al. 2011). The absence of a consistent trend between
N and P content in mycorrhizal plants further supports the idea that P is the causal agent
in enhanced aphid weights and reduced development time. Interestingly, aphid-infested,
non-mycorrhizal plants showed higher P content than non-infested, non-mycorrhizal
plants. These results are inconsistent with those of previous studies analyzing the impact
of aphid infestation on nutrient uptake, which have found slight differences between noninfested and infested legumes in the accumulation of N and P as a percentage of plant dry
weight (Hawkins et al. 1986). However, the effect of plant nutrition on aphids
reproduction was shown to be genotype-specific in barley (Hordeum vulgare), and these
differences increased proportionately with genotypic divergence (Rowntree et al. 2010).
As expected, an aphid infestation of one leaf per plant had no impact on AM
fungus colonization (Table 5). Past studies have observed a mix of positive (Wamberg et
al. 2003, Currie et al. 2006) and negative (Gange et al. 2002, Wearn and Gange 2007,
Babikova et al. 2014) effects of insect herbivory on AM fungus colonization, but in those
studies the entire plant was challenged with insects. Pea aphid feeding for three weeks on
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fava beans significantly reduced AM fungus colonization (Babikova et al. 2014). While
aphid infestation is known to reduce carbon allocation to below-ground tissues and
thereby decrease potential advancement of AM fungus colonization (Gehring and
Whitham 1994, 2002), it is maintained that plants retain some level of control over AM
fungal proliferation (Genre et al. 2008).
Establishing whether mycorrhizal plants exhibited enhanced tolerance to aphid
herbivory is difficult to assess from our results. While non-infested mycorrhizal plants
showed significantly higher fresh shoot weight relative to non-mycorrhizal infested and
non-infested plants after 14 days of aphid feeding, this measurement was not reflected in
the dry shoot weight or water potential measurements (Table 5). If mycorrhizal
colonization had contributed to an increase in biomass relative to non-mycorrhizal plants,
the significance established in fresh shoot weight measurements should be replicated in
subsequent dry weight measurements, a response that was not observed in our analysis. It
is possible that enhanced water retention could additionally contribute to the observed
increases in shoot fresh weights of mycorrhizal plants, though we observed no such trend
in systemic water potential (L3) at either time point. Due to the loss of locally infested
leaves (L4) from aphid-infested mycorrhizal plants, an accurate comparison between
treatments of water potential in leaf L4 after 14 days of aphid feeding was impossible.
Previous research revealed enhanced water potential on mycorrhizal plants (Hardie and
Leyton 1981), and negative impacts on water potential after aphid infestation (Cabrera et
al. 1995), but information on water status under simultaneous aphid attack and AM
fungus colonization is lacking.
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Unfortunately, the loss of infested leaves from mycorrhizal plants after 14 days of
feeding deprives us of an accurate comparison of aphid tolerance between mycorrhizal
and non-mycorrhizal plants. Between the three remaining treatments, the damaged leaves
of non-infested mycorrhizal plants exhibited enhanced photosynthesis and chlorophyll
content compared to aphid infested, non-mycorrhizal plants (p<0.01, p=0.04) (Table 7).
Aphid infestation has been previously shown to decrease photosynthetic rates as much as
50% in infested leaves without a decrease in chlorophyll content (Macedo et al. 2003),
while AM fungus colonization has been shown to enhance chlorophyll content in salt-,
water-, and temperature-stressed plants (Zuccarini 2007, Sheng et al. 2008, Zhu et al.
2011).
Stress induced by aphid feeding mimics the stress induced by pathogens (Moran
and Thompson 2001, Moran et al. 2002) by initiating salicylic acid (SA)-mediated
defenses. Interestingly, this same pathway is stimulated upon the piercing of plant roots
by AM fungal hyphae (Glazebrook 2005), and, theoretically, should induce defensive
priming (Pozo and Azcón-Aguilar 2007). However, it is possible that the high levels of
AM fungus colonization used in this study facilitated a drain in carbohydrate resources
available to the host plant, as the mutualism-parasitism continuum of the AM symbiosis
is subject to a highly context-dependent cost-benefit relationship (Johnson et al. 1997,
Shah et al. 2012).
It is noteworthy that only aphid-infested, mycorrhizal plants exhibited rapid
degeneration of the infested leaves, possibly due to an advanced hypersensitive response
(HR), a form of programmed cell death commonly observed in plant responses to biotic
stress such as aphid infestation (Klingler et al. 2009). This rapid cell death could also be
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triggered by increases in ethylene (ET) or cytokinin biosynthesis, two key
phytohormones involved in leaf senescence (Gan and Amasino 1995, Grbić and Bleecker
1995). AM fungus colonization has been shown to enhance cytokinin levels in host plants
roots up to 111% compared to non-mycorrhizal plants (Allen et al. 1980), while ET
inhibition is likely required for advanced AM fungus colonization (Zsögön et al. 2008).
However, the documented upregulation in cytokinin activity and inhibition of ET
resulting from AM fungus colonization act antagonistically to the decreases in cytokinins
and increased ET necessary for leaf senescence. Theoretically, these combined
mycorrhiza-induced effects should stave off leaf senescence, but to the best of our
knowledge, no study has yet focused on the existence of advanced HR or delayed leaf
senescence on mycorrhizal plants. Further research on the combined impacts of aphid
herbivory and AMF colonization on ET and cytokinin synthesis may help to explain
these curious results.
While significant differences were noted in photosynthetic rates and chlorophyll
content between damaged and undamaged leaves of all plants, we are not confident that
the all observed effects are directly attributable to mycorrhizal colonization. The range of
trends observed in the comparison of physiological metrics between L4 and L3 is not
entirely consistent with mycorrhizal-induced tolerance to aphid infestation, as direct
comparisons between L4 of mycorrhizal and non-mycorrhizal plants via one-way
ANOVA did not yield conclusive significant differences in most parameters. The
differences in water status are likely attributable to leaf age, as the leaves selected for
local infestation (L4) were of a more advanced age than those selected for systemic
response measurements (L3). Leaf age has been previously linked to decreased carbon
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assimilation and water status (Singh and Lal 1935, Reich and Borchert 1988). However,
we recorded a significant increase in the photosynthetic rates of undamaged leaves
compared to damaged leaves in mycorrhizal plants after 7 days of aphid herbivory. This
effect was not observed in our non-mycorrhizal treatments, and may represent a form of
mycorrhiza-induced tolerance. These results provide limited support for our first
hypothesis, indicating that mycorrhizal plants displayed enhanced photosynthetic
capabilities in the non-infested leaves of aphid-infested plants. These increased rates may
represent an attempt at increasing photosynthetic output in an effort to compensate for
lessened photosynthesis from infested leaves. Further support of this observation would
require comparisons at later time points than this study was capable of producing.
It is clear that both aphid infestation and AM fungal colonization impact plant
physiology through a diverse array top-down and bottom-up interactions, though the
exact mechanisms in play demand further study. Our work further supports the findings
that aphids stand to benefit from feeding on highly-colonized mycorrhizal plants. Based
on the sudden leaf death that occurred on aphid-infested, mycorrhizal plants at 14 days
post aphid feeding, it is tempting to speculate that a stronger and faster HR response is
triggered by the AM symbiosis. Additionally, our work has demonstrated the feasibility
of utilizing potato, an important agricultural crop worldwide, as a novel model system in
which to study plant-insect-mycorrhizal fungi interactions.
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CHAPTER IV
CONCLUSIONS AND FUTURE DIRECTIONS
The array of outcomes recorded in diverse mycorrhizal systems outlines two key
points in the methodology of mycorrhizal research. First, that mycorrhizal studies
strongly benefit from an inclusive, community-oriented approach more reflective of the
complex web of interactions observed in nature (Gehring and Whitham 2002, Bennett et
al. 2005, Gehring and Bennett 2009b); second, that a greater understanding of the
symbiosis can be garnered through expansion of the diversity of systems and abiotic
conditions studied. With these themes in mind, our research sought to expand the sphere
of mycorrhizal research to encompass the interactions between the important agricultural
crop species potato (Solanum tuberosum), its mycorrhizal endosymbiont Glomus
intraradices, and the destructive pest, the potato aphid (Macrosiphum euphorbiae).
Excluding sweet potato (Ipomea batatas), potato is the leading vegetable crop in
the United States, and the fourth-most-consumed crop in the world (ERS 2016). The
world production of potatoes exceeded 350 million metric tons in 2013, with almost 20
million metric tons produced by the United States alone (faostat.fao.org, USDA/NASS).
While research on potato-AMF interactions exists (Black and Tinker 1977, McArthur and
Knowles 1993, Rausch et al. 2001), to the best of our knowledge, there is a limited
information of tripartite interaction studies assessing phloem-feeding pest performance in
mycorrhizal potato plants. In particular, the effects of AM fungus colonization on the
performance of potato aphids have yet to be evaluated. Potato aphids are considered pests

66
of agricultural importance because they serve as vectors in the spread of potato leaf roll
virus (PLRV) (Ng and Perry 2004), a pathogen responsible for an annual global yield loss
of 18 million metric tons (Wales et al. 2008). In an effort to evaluate this understudied
multilateral relationship, we designed and conducted two tripartite interaction
experiments to assess the relationship between potato aphids, potatoes, and the AM
fungus Glomus intraradices. Our results outline the feasibility of utilizing the potatopotato aphid-mycorrhizal fungus model as a system for the study of mycorrhiza-induced
changes to defensive capabilities and nutritional status of a globally significant crop
species.
The results of our first assessment (described in Chapter II) of the differential
effects of low and high G. intraradices root colonization revealed no impact on plant
fresh weight, aphid population, or aphid colony weight. While plant fresh weight was
unaffected by aphid feeding or mycorrhizal status, the use of frozen tissue for gene
expression analysis ruled out the assessment of plant dry weight, a traditionally more
accurate indicator of biomass. Further, it is possible that the aphid feeding periods tested
(one day and 10 days) are not representative of the long-term effects of AM symbiosis on
root and shoot biomass. Aphid population and colony weight were not significantly
impacted by plant mycorrhizal status, though the observation of a positive trend between
AM fungus colonization level and aphid population and colony weight may be indicative
of enhanced aphid performance on highly colonized mycorrhizal plants especially in the
second time point. We found that AM fungus colonization was not affected by potato
aphid herbivory on a single leaf, irrespective of the level of G. intraradices root
colonization at the onset of aphid feeding.
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Mycorrhizal status and aphid herbivory over a single day resulted in modest
changes in gene expression of the nine genes chosen. While most genes did not differ in
expression relative to non-infested non-mycorrhizal plants, we did record significant
upregulation of the jasmonic acid (JA)-regulated transcription factor MYC2 gene in
potato leaves, as well as significant downregulation of the ethylene response sensor 1
(ERS1) gene in potato roots. We observed an increase in the expression of the MYC2
gene in all aphid-infested treatments relative to non-infested mycorrhizal treatments.
Aphid-infested low-colonization mycorrhizal plants exhibited significantly higher
expression of the MYC2 gene compared to both low- and high-colonization non-infested
plants, as well as aphid-infested high-colonization plants. Though non-mycorrhizal plants
infested with aphids exhibited a stronger increase in MYC2 gene expression, it is very
likely that mycorrhizal colonization resulted in a more rapid increase in MYC2 gene
expression that was not detected in our one-day analysis. Increased levels of transcripts
involved in JA biosynthesis and downstream genes involved in JA-mediated defenses are
typically associated with mechanical damage to plant tissue (Pieterse et al. 2012). Our
results are noteworthy because defense responses to aphid herbivory more commonly
result in the activation of salicylic acid (SA)-mediated defenses following the direct
recognition of herbivore-derived proteins by plant host resistance (R) proteins (Flor 1971,
Pieterse et al. 2012). The discrepancy in defense responses recorded here may result from
JA-SA crosstalk as mediated by the protein MYC2, a phenomenon that is additionally
required for microbe induced systemic resistance (Kazan and Manners 2013, Kroes et al.
2014). That the effect appears lessened in highly colonized mycorrhizal potato infested
with potato aphids may be an artifact of decreasing regulation of the oxylipin pathway by
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AMF as the symbiosis approaches stability. Oxylipin regulation by AMF has been
recorded during the initial formation of the symbiosis, likely as a means of lessening the
SA-mediated response to fungal penetration by taking advantage of the mutually
antagonistic nature of the JA and SA pathways (Requena et al. 2007, López-Ráez et al.
2010). However, recent studies on the antagonistic relationship between JA and SA have
revealed a somewhat more flexible relationship, supporting the idea of phytohormone
cross-talk as a means for the production of finely-tuned defense signal “signatures”
(Lorenzo et al. 2003, Anderson et al. 2004). Whether or not the MYC2 gene is indeed
acting as a signaling node for JA-SA cross-talk will require the assessment of a wider
array of JA- and SA-mediated defense genes than those targeted here, but the
implications of our findings provide an interesting primer for future research.
The significant decrease in the expression of the ERS1 gene in aphid-infested nonmycorrhizal and non-infested low-colonization plant roots provides some interesting
insight into the separate effects of aphid herbivory and AMF colonization level on the
expression of ET pathway-related genes. Mycorrhizal inhibition of ET is required for the
progression of fungus throughout plant roots, and suppression of ET signaling pathway
genes is to be expected in plants recently colonized by AMF, partially explaining the
decreased effect in high-colonization plants. Decreased expression of the ERS1 gene has
also been recorded following herbivory by the phloem-feeding whitefly Bemisia tabaci,
though these results were observed in infested leaves (Zarate et al. 2007). To the best of
our knowledge, the impact of phloem-feeder herbivory on ET pathway-related genes has
not been characterized in roots. Our results reveal that in aphid-infested mycorrhizal
plants, the suppression of the ERS1 gene appeared to decrease with increasing AMF
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colonization. Though no significance was observed, this trend warrants further insight in
the face of mounting support of ET-SA cross-talk and its impact on SA-mediated
defensive priming (De Vos et al. 2006).
Our second experiment focused on the physiological effects of the tripartite
interactions, and produced results consistent with some of the trends observed in our
evaluation of MIR in potato. At 7 days, aphid colony weight was significantly higher on
highly colonized mycorrhizal plants compared to controls. This effect was strengthened
after 14 days of feeding, in which total aphid population and colony weight were
significantly higher on highly colonized mycorrhizal plants. Though recorded somewhat
earlier in this experiment (7 days versus 10 days), these results solidify the trend of
enhanced aphid reproduction and weight gain on highly colonized mycorrhizal plants
originally observed in our first experiment. Enhanced aphid performance is likely
attributable to the enhanced phosphorous (P) content and shoot fresh weight recorded in
our mycorrhizal plants.
Our assessment of the overall impact of simultaneous AM symbiosis and aphid
infestation on plant physiology, while revealing significance in some parameters, was
marred by the inability to obtain accurate measurements from the aphid-infested leaves of
our mycorrhizal plants. Photosynthetic rates were significantly increased in non-infested
mycorrhizal plants compared to aphid-infested non-mycorrhizal plants after 14 days of
aphid herbivory. While the negative impact of aphid feeding on photosynthetic rates has
been previously established (Macedo et al. 2003), we cannot infer AM-enhanced
tolerance without an accurate measurement of photosynthetic rates in aphid-infested
mycorrhizal plants. After 14 days, chlorophyll content was also significantly increased in
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non-infested mycorrhizal plants, this time compared to non-infested non-mycorrhizal
plants. In this case, we can conclude that mycorrhizal plants yield increased chlorophyll
content compared to their non-mycorrhizal counterparts. This effect was not recorded
after the shorter 7 day feeding period, possibly indicating enhanced mycorrhizal benefits
as the symbiosis progresses. While previous studies have found conflicting impacts of
insect herbivory on AMF colonization rate (Gange et al. 2002, Wamberg et al. 2003), we
did not observe a significant influence in either direction, though longer feeding periods
may yield different results.
In a comparison between the physiology of aphid-infested leaves and the noninfested leaves of the same plant, our results uncover differences that, in some cases, may
be more related to leaf age than mycorrhizal status. In both mycorrhizal and nonmycorrhizal plants, we recorded significantly higher chlorophyll content in the
undamaged leaves compared to the damaged lower leaves. That this significant difference
is observed regardless of mycorrhizal status implicates leaf age as the causal factor, as the
younger leaf (the third leaf down counting from the shoot apex) represented our
designated undamaged leaves. Curiously, photosynthetic rates after 7 days of aphid
feeding were significantly higher in the undamaged leaves of mycorrhizal plants
compared damaged leaves. In our non-mycorrhizal treatment, photosynthetic rates did not
differ between damaged and undamaged leaves, outlining the possibility of AMenhanced tolerance to aphid feeding. We were unable to make these comparisons after 14
days of aphid herbivory due to the excessive damage to aphid-infested leaves in
mycorrhizal plants, but the results recorded after only 7 days indicate a possibly valuable
area of future study in this system.
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The rapid degeneration of mycorrhizal infested leaves observed after 14 days may
be attributed to an advanced hypersensitive response (HR) or increased leaf senescence,
two biotic stress responses related to cytokinin and ethylene biosynthesis. While our
study on the expression of defense-related genes did not yield significant differences in
any ET-mediated genes in leaves, the advanced leaf damage in our second experiment
was not observed until later time points. It is possible that gene-expression analysis at
later time points may unveil interesting changes to ET- or cytokinin-related genes that
can assist in explaining the advanced damage observed. To the best of our knowledge,
advanced leaf senescence in aphid-infested mycorrhizal plants has not been previously
studied.
The synthesis of these results allows for a comprehensive assessment our original
hypotheses. In our first experiment, we hypothesized that (i) aphid fitness will be
negatively impacted after feeding on highly-colonized mycorrhizal plants, and (ii) that
defense-related genes will be highly induced in aphid-infested mycorrhizal plants at high
levels of AM fungus colonization. Our first hypothesis was not supported, as increased
levels of AM fungus colonization did not coincide with decreased aphid population or
weight gain. These results were reflected in our second experiment (described in chapter
III), wherein aphid performance was positively impacted by high levels of G.
intraradices root colonization at both 7 and 14 days of continuous herbivory. The
enhanced aphid performance recorded here, commonly observed in phloem-feeding
insects and generalists, is likely due to the minimal tissue damage produced by aphid
feeding. In addition, our results do not lend sufficient evidence to support our second
hypothesis, as increasing root colonization levels of G. intraradices did not produce the
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strongest changes in the expression of our target genes after one day of aphid feeding.
However, the increased expression of MYC2 in our low-colonization mycorrhizal plants
may indicate a temporally-separated defense response in aphid-infested mycorrhizal
plants relative to non-mycorrhizal plants. Full support of our first hypothesis would
require further evaluation of the timing of the expression of JA-mediated genes, as well
as a wider array of genes within the JA pathway.
In our second experiment, we hypothesized that (iii) mycorrhizal plants will
display enhanced tolerance to the stress induced by potato aphid herbivory, and (iv) that
aphid fitness will be negatively impacted after feeding on highly-colonized mycorrhizal
plants. It is important to point out that, while our first experiment dealt with the concept
of a genetically-based “resistance” to aphids, our second experiment focuses on the
possible existence of mycorrhizal-induced “tolerance.” In this case, tolerance is denoted
as the ability of mycorrhizal plants to withstand aphid herbivory without major negative
impacts to the physiological metrics of biomass, water status, photosynthetic rates, and
chlorophyll content. In our measurements of photosynthetic rates, we found evidence in
support of mycorrhiza-induced tolerance to aphids. The significantly enhanced
photosynthetic rates recorded in mycorrhizal undamaged leaves (leaf 3 counting down
from the shoot apex) compared to damaged leaves (leaf 4 counting down from the shoot
apex) within the same plant were not reflected in the damaged and undamaged leaves of
non-mycorrhizal plants. These findings indicate a possible attempt at compensation for
aphid herbivory via the increased photosynthetic rates of non-infested leaves. Without
support from other measurements in this study, the existence of mycorrhiza-induced
tolerance of potatoes to aphid herbivory remains in need of further study. Our fourth
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hypothesis was not supported, but our findings indicated the continuation of a trend
observed in our first experiment. Both aphid population and colony weight were
significantly increased on highly colonized mycorrhizal plants compared to nonmycorrhizal plants. Higher colony weights were recorded on mycorrhizal plants after 7
days, while higher colony weights and total aphid populations were recorded on
mycorrhizal plants after 14 days. The elevated P content and shoot fresh weight recorded
in mycorrhizal plants at 14 days further reinforces the positive influence of AM
symbiosis on plant nutritional status, coinciding with enhanced aphid fitness. We did not
record a significant difference between the fresh or dry weights of aphid-infested
mycorrhizal plants compared to aphid-infested non-mycorrhizal plants.
Indeed, much of the data recorded in these experiments provide only the first
steps toward a more thorough characterization of the interaction between these three
organisms. The effects of mycorrhizal colonization on the expression of MYC2
supplements two possible avenues for future study. First, the possibility of SA-JA crosstalk mediation by the protein MYC2 may explain the upregulation of transcription factor
MYC2 recorded in our mycorrhizal plants in the absence of severe tissue damage.
Quantification of the expression of additional JA- and SA- related genes may provide a
more complete picture of the complex interactions between these two pathways. Second,
the analysis of MYC2 expression at additional time points, both shorter and longer than
those tested here, can further assess the existence of a mycorrhiza-induced temporal shift
in expression of defense-related genes. Though our second experiment resulted in the loss
of aphid-infested mycorrhizal leaves after 14 days of herbivory, the significant increase
of photosynthetic rates in aphid-infested mycorrhizal leaves compared to infested non-
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mycorrhizal leaves at 7 days is a strong indicator of AMF-induced tolerance to herbivory,
and warrants the investigation of these effects at extended time points. Further, the
widespread damage to aphid-infested mycorrhizal leaves highlights the possibility of
mycorrhizal enhancement to either leaf senescence or hypersensitivity responses, two
avenues that have yet to be fully characterized in a mycorrhizal system. Our second
experiment could be expanded upon by the extension of feeding periods beyond 14 days.
While we recorded increased fresh weight in non-infested mycorrhizal plants compared
to non-infested non-mycorrhizal plants, this effect may be enhanced as the symbiosis
progresses.
In conclusion, this study establishes a foundation for mycorrhizal research within
a new and economically important system. Commonly underutilized in mycorrhizal
studies, potato represents a useful model system for the analysis of tripartite interactions.
While the impact of mycorrhizal associations on plant performance with respect to pest
tolerance and resistance demands further research, the approach provided by the potatopotato aphid-mycorrhizal fungus system can aid in a broadening of our understanding of
the diverse interactions characteristic of mycorrhizal systems. Further studies can not
only elucidate the dynamic relationships inherent in nature, but also expand on tripartite
interactions in an agriculturally, economically, and globally relevant system.
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Table 1. Leaf MYC2 gene expression differences of treatment Least Squares Means
Adjustment for Multiple Comparisons (Scheffe's test, Alpha=0.05)
Treatment

Treatment

Estimate

SE

DF

t-Value

p-Value

Adj p

+PA/-AMF

-PA/Low

-4.9674

1.4518

10

-3.42

0.0065

0.0767

+PA/Low

2.5245

1.4518

10

1.74

0.1127

0.5767

-PA/High

-6.4594

1.4518

10

-4.45

0.0012

0.0184

+PA/High

5.3343

1.4518

10

3.67

0.0043

0.0540

+PA/Low

-2.4429

1.4518

10

-1.68

0.1234

0.6047

-PA/High

1.4920

1.4518

10

1.03

0.3283

0.8944

+PA/High

0.3669

1.4518

10

0.25

0.8056

0.9994

-PA/High

-3.9349

1.4518

10

-2.71

0.0219

0.1985

+PA/High

2.8098

1.4518

10

1.94

0.0817

0.4184

+PA/High

-1.1251

1.4518

10

-0.77

0.4563

0.9587

-PA/Low

+PA/Low

-PA/High

Table 2. Leaf MYC2 expression Scheffe Grouping for treatment Least Squares Means
(Alpha=0.05)
Treatment

Estimate

Non-mycorrhizal

+PA

8.2089

A

Low

-PA

3.2415

AB

+PA

5.6844

AB

-PA

1.7495

B

+PA

2.8746

AB

High

Note: Least Squares Means with the same letter are not significantly different
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Table 3. Root ERS1 gene expression differences of treatment Least Squares Means
Adjustment for Multiple Comparisons (Scheffe's test, Alpha=0.05)
Treatment

Treatment

Estimate

SE

DF

t-Value

p-Value

Adj p

+PA/-AMF

-PA/Low

0.03273

0.09194

10

0.36

0.7239

0.9977

+PA/Low

-0.4873

0.09194

10

-5.30

0.0003

0.0058

-PA/High

0.2072

0.09194

10

2.25

0.0479

0.3443

+PA/High

-0.1508

0.09194

10

-1.64

0.1321

0.6262

+PA/Low

-0.4546

0.09194

10

-4.94

0.0006

0.0094

-PA/High

-0.1745

0.09194

10

-1.90

0.0869

0.4992

+PA/High

-0.1180

0.09194

10

-1.28

0.2282

0.7963

-PA/High

-0.2801

0.09194

10

-3.05

0.0123

0.1278

+PA/High

0.3366

0.09194

10

3.66

0.0044

0.0551

+PA/High

0.05645

0.09194

10

0.61

0.5529

0.9820

-PA/Low

+PA/Low

-PA/High

Table 8. Root ERS1 gene expression Scheffe Grouping for treatment Least Squares
Means (Alpha=0.05)
Treatment

Estimate

Non-mycorrhizal

+PA

0.5195

B

Low

-PA

0.5522

AB

+PA

1.0068

B

-PA

0.7267

A

+PA

0.6702

AB

High

Least Squares Means with the same letter are not significantly different

